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Introduction:  This  report  summarizes  progress  on  a  project  funded  by  the  US  Army  Breast  Cancer  Research 
Fund  (DAMD  17-00-9457).  During  the  past  year,  one  new  manuscript  has  been  published  in  Cancer  Gene 
Therapy  by  Akbulut  (which  describes  the  performance  of  a  double  transcription  unit  vector  for  chemotherapy 
sensitization  and  El  A  dependent  tumor  specific  killing  of  cancer  cells)  and  another  manuscript  which  has  been 
completed  on  the  use  of  this  same  vector  the  development  of  a  new  chemotherapy  regimen  for  colon  cancer 
called  “Genetic  Saltz  Therapy”.  This  latter  treatment  regimen  was  shown  to  produce  an  advantage  in  terms  of 
survival,  remission  duration  and  toxicity  over  the  conventional  chemotherapy  program  from  which  it  was 
derived. 

This  progress  was  made  possible  by  the  first  two  years  of  the  funding  period  in  which  a  series  of  single 
transcription  unit  adenoviral  vectors  containing  either  the  cytosine  deaminase  (CD)  chemotherapy  sensitization 
gene,  or  the  adenoviral  vector  El  A  viral  replication  gene.  Three  manuscripts  and  two  reviews  were  published 
on  the  basis  of  this  work.  During  the  past  year,  a  paper  describing  the  first  testing  of  a  bicistronic  vector  in 
which  the  tumor  specific  L-plastin  promoter  was  driving  a  bicistronic  transcription  unit  composed  of  the  CD 
gene  and  the  El  A  gene. 

The  end  result  of  the  3  years  of  work  is  that  a  vector  has  been  developed  that  can  improve  the  performance  of 
one  of  the  most  popular  programs  of  chemotherapy  for  colon  cancer. 

Body:  Narrative  Description  of  the  Results  During  the  Reporting  Period  of  Funding: 

July  1, 2000-June  30, 2003 

I.  Study  of  the  Tumor  Selectivity  of  L-Plastin  Driven  Transcription  Units  in  Adenoviral  Vectors 

Injae  Chung  from  our  laboratory  was  the  first  to  show  that  a  truncated  L-plastin  promoter  could  produce  high 
expression  of  transgenes  in  a  tumor  specific  manner  when  placed  in  the  adenoviral  vector  backbone.  Chung 
showed  (Cancer  Gene  Therapy  6:  99-106,  1999)  that  infection  of  explants  of  ovarian  cancer  cells  with  the 
AdVLpLacZ  resulted  in  high  expression  levels  of  beta-galactosidase,  whereas  no  LacZ  gene  expression 
occurred  in  explants  of  normal  peritoneal  epithelial  cells  (see  Figure  1  below). 


Ad.LP.LacZ  Ad.CMV.LacZ 


E  F 

Figure  1  Panel  A  and  B:  Ascitic  ovarian  cancer  cells  infected 
with  either  the  AD.LP.LacZ  or  the  AD.CMV.LacZ  vector.  Panel  E 
and  F:  Biopsy  cells  from  the  mesothelium  of  patients  undergoing 
surgical  procedures  exposed  to  either  the  AD.LP.LacZ  or  the 
AD.CMV.LacZ  vector. 
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XY  Peng  in  our  laboratory  then  showed  (Cancer  Research  61:  4405-4413,  2001))  that  AdV  with  the  LacZ 
reporter  gene  under  the  control  of  the  L-plastin  promoter  (AdLpLacZ)  produced  beta-galactosidase  activity  in 
breast  and  ovarian  cancer  cell  lines  and  explants  of  ovarian  cancer  but  not  in  infected  explants  of  normal 
peritoneal  cells  nor  in  organ  cultures  of  normal  ovarian  epithelial  cells. 

II.  Study  of  Vectors  with  L-Plastin  Driven  Cytosine  Deaminase  Transcription  Unit. 

She  showed  that  there  was  much  more  toxicity  of  the  AdLpCD  vector  when  used  in  vitro  with  5FC  to  explants 
of  ovarian  cancer  than  there  was  to  explants  of  normal  peritoneal  tissue.  In  addition,  the  use  of  a  replication 
incompetent  AdV  carrying  a  cytosine  deaminase  transcription  unit  under  the  control  of  the  L-plastin  promoter 
prevented  engraftment  of  the  Ovcar-5  and  Skvo3  human  ovarian  cancer  cell  lines  in  the  peritoneal  cavity  of 
nude  mice. 

100,  Ovcar-5  Ovarian  Cancer  Cells 

There  was  no  toxicity  to  the  normal  cells 
of  the  peritoneum.  Finally,  intratumoral 
injection  of  the  AdLpCD  vector 
suppressed  the  growth  of  ovarian  cancer 
tumor  nodules  (see  Figure  2). 


Ad-CMV-CD  Ad-Lp-CD  Ad-CMV-LacZ 

Fig.  2  Effect  of  in  vivo  injection  of  tumor  nodules  with  adenoviral  vectors. 

III.  Studies  with  L-Plastin  Driven  El  A  Adenoviral  Vectors. 

Lixin  Zhang  of  our  laboratory  created  a  series  of  AdV  carrying  the  El  A  gene  under  the  control  of  the  L-plastin 
promoter  (AdVLpElA).  His  experiments,  which  have  been  summarized  in  the  Journal  of  Molecular  Therapy 
(Mol.  Therapy.  6:  386-393,  2002),  showed  that  the  AdVLpElA  vector  was  1000  times  more  toxic  to  explant 
cultures  of  ovarian  carcinoma  than  a  vector  carrying  a  LacZ  transcription  unit  (see  Figure  3  below  and  Figure  4 
below). 


Figure  3 


Adenovirus  MOI 


This  AdLpElA  was  as  toxic  to  explants 
of  ovarian  cancer  (see  Figure  3)  and  as 
was  the  AdCMVElA  vector  (see  Figure 
3).  The  AdLpElA  was  not  toxic  to 
explants  of  normal  breast  epithelial  cells 
(see  Figure  5  below)  whereas  both  the 
AdCMVElA  vector  and  the  wild  type 
adenovirus  were  toxic.  This  showed  that 
Zhang’s  cytolytic  vectors  with  the  L- 
plastin  promoter  were  tumor  specific. 
Finally  Zhang  showed  that  the 
AdLpElA  suppressed  human  tumor 
xenografts  of  human  breast  cancer  cell 
lines  (both  MCF-7  and  MBAMD468)  in 
a  SCID  mice  (see  Figure  6  below). 
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Figure  4  Figure  5 


Ovarian  Cancer  Explants 


No  Vector  AdLpE  1 A  Vector  (1  MOI) 


Explants  of  Normal  Mammary  Epithelial  Ceils 


AdLpE  1 A  AdCMV/ElA 


Wild  Type  Virus 


IV.  Vectors  with  L-Plastin  Promoter  Driven  Bicistronic  Transcripiton  Units 


The  next  step  in  the  development  of  the  AdV  in  the 
Deisseroth  laboratory  was  the  construction  by  Lixin 
Zhang  of  an  AdV  in  which  the  L-plastin  promoter 
regulated  a  bicistronic  transcription  unit  composed 
of  the  cytosine  deaminase  gene  linked  to  the  El  A 
gene  by  an  IRES  element.  These  vectors  were  tested 
by  Hakan  Akbulut  of  our  laboratory  in  collaboration 
with  Lixin  Zhang.  The  AdVLpCDIRESElA  vector 
was  first  compared  in  vitro  with  the  AdVLpElA 
vector  and  the  AdVLpCD  vector.  The 
AdVLpCDIRESElA  was  the  most  effective  vector 
against  the  colonic  cancer  cell  lines  and  much  more 
effective  than  the  single  transcription  unit  vectors. 
Then,  Abkulut  studied  intratumoral  injection  of  the 
AdVLpCDIRESElA  with  and  without  5FC  as 
compared  to  the  AdLpCD  with  and  without  5FC 
(Akbulut  et  al:  The  efficiency  of  replication- 
competent  adenoviral  vectors  carrying  L-plastin 
promoted  cytosine  deaminase  gene  in  colon 
cancer)).  Again,  the  intratumoral  injection  of  the 
bicistronic  vector  with  5FC  was  much  more 
effective  in  suppressing  the  growth  of  the  human 
tumor  xenograft  than  was  the  single  transcription 
unit  vector  (see  Figure  7  to  the  left).  The  work 
proposed  in  the  research  grant  application  is 
designed  to  complete  the  final  step  in  the 
development  of  the  adenoviral  vectors  for  use  as 
intracavitary  therapy  for  ovarian  cancer  by 
modifying  the  fibrillar  protein  to  target  the 
adenoviral  infection  to  ovarian  cancer  cells. 


Figure  6 
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Figure  7 
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V.A.  Specificity  of  expression  of  the  L-plastin  promoter  driven  vector  transcription  units. 

In  order  to  test  if  the  L-plastin  driven  bicistronic  CDIRESE1A  transcription  unit  was  expressed  in  a  tumor 
specific  manner  in  the  AdLpCDIRESElA  vector  infected  cells,  we  injected  either  the  AdLpCDIRESElA  or  the 
AdCMVCDIRESElA  vectors  into  normal  liver  or  subcutaneous  tumor  nodules  and  stained  histological  sections 
of  the  injected  tissue  for  E1A  expression  The  tumor  nodules  were  positive  for  E1A  whether  injected  by  the 
AdLpCDIRESElA  or  AdCMVCDIRESElA  vectors  (Fig.  8c  1  and  Fig.  8c3)  whereas  the  normal  liver  tissue  was 
positive  for  E1A  only  following  injection  with  the  AdCMVCDIRESElA  (Fig.  8c2  and  Fig.  8c4).  These  results 
show  that  the  expression  of  the  transgenes  in  the  AdLpCDIRESElA  vector  infected  cells  is  tumor  specific. 

V.B.  Effect  of  the  AdLpCDIRESElA  vector  on  IC50  values  of  CPT-11  SN-38,  and  5FU. 

We  tested  if  the  IC50  of  5FU,  CPT-11  and  SN-35  was  decreased  by  exposure  of  the  test  cells  to  the 
AdLpCDIRESElA  vector.  When  the  AdLpCD  vector  plus  5FC  and  FA  were  added  to  the  test  cells  at  MOI  10, 
the  IC50  value  of  CPT-11  decreased  65-2200  times  (Table  1).  When  the  AdLpCDIRESElA  replication 
competent  vector  plus  5FC  and  FA  was  added  to  the  cells,  the  decrease  in  the  CPT-1 1 IC50  was  5-20  times  the 
decrease  seen  with  the  AdLpCD  replication  deficient  vector.  In  contrast,  when  the  AdLpCDIRESElA  vector 
plus  FA  without  5FC  was  combined  with  CPT-11,  the  decrease  of  the  IC50  value  of  CPT-1 1  was  between  7  and 
200  fold  (data  not  shown).  These  studies  show  that  the  in  vitro  activity  of  CPT-1 1  and  SN-38  is  potentiated  by 
the  addition  of  the  AdLpCDIRESElA  vector.  Moreover,  this  vector  sensitization  does  not  depend  on  the 
replication  competency  of  the  vector  but  on  the  presence  of  the  CD  protein  and  5FC. 

V.C.  Replacement  of  5FU  in  the  conventional  Saltz  combination  chemotherapy  by  intratumoral  injection 
of  the  AdLpCDIRESElA  vector  and  in  vivo  5FC  (“Genetic  Saltz”  Therapy)  increases  the  tumor  response 
and  decreases  toxicity  as  compared  to  the  conventional  Saltz  combination  chemotherapy  (Animal  Model 
#1). 

V.C.l.  Response  Studies.  The  growth  of  the  HTB-38  colon  cancer  cell  line  in  nude  mice  was  suppressed  more 
by  intratumoral  injection  of  the  AdLpCDIRESElA  vector  given  in  concert  with  ip  5FC,  iv  FA  and  iv  CPT-11 
chemotherapy  (Group  1)  than  it  was  by  conventional  Saltz  combination  chemotherapy  (Group  6)  as  shown  in 
Fig.  9a.  The  duration  of  tumor  response  among  the  animals  treated  with  the  Genetic  Saltz  Therapy 
(AdLpCDIRESElA/5FC/FA/CPT- 11 -Group  1)  was  statistically  significantly  longer  than  the  duration  of  the 
response  among  animals  treated  with  regimens  not  containing  the  AdLpCDIRESElA/5FC  combination 

(p<.0001). 

V.C.2.  Survival  Studies.  The  mice  treated  with  AdLpCDIRESElA+5FC+FA+CPT-ll  (the  Genetic  Saltz 
Therapy  or  Group  1)  lived  much  longer  than  did  the  mice  treated  with  conventional  Saltz  combination 
chemotherapy  (Group  6)  or  the  other  control  groups  (Fig.  9b).  We  then  tested  for  the  effect  of  increasing  the 
frequency  of  the  AdLpCDIRESElA  vector  injections  from  once  a  week  to  twice  a  week.  A  survival  advantage 
was  seen  in  this  latter  model  but  this  advantage  was  lost  by  12  weeks  (data  not  shown).  This  suggested  that 
additional  cycles  of  therapy  might  be  one  way  to  increase  the  success  of  the  outcome. 

V.C.3.  Toxicity  Studies.  Importantly,  the  mice  given  the  conventional  5FU,  FA  and  CPT-11  combination 
chemotherapy  (Group  6)  had  statistically  significantly  more  diarrhea  and  slightly  more  weight  loss  than  that 
observed  in  mice  treated  with  the  Genetic  Saltz  Therapy,  which  involves  the  combination  of 
AdLpIRESE  1 A/5FC/FA/CPT- 1 1 ,  as  shown  in  Table  1 . 


V.D.Response  of  the  HTB-38  colon  cancer  cells  to  in  vitro  infection  with  the  AdLnCDIRESElA  vector 
infection  and  in  vivo  5FC/FA/CPT-11  chemotherapy  (Animal  Model  #2). 

To  test  if  we  could  improve  the  outcome  of  the  Genetic  Saltz  Therapy,  we  infected  the  HTB-38  cells  with 
AdLpCDIRESElA  vector  in  vitro  under  conditions  that  would  result  in  infection  of  100%  of  the  HTB-38 
cancer  cells  prior  to  the  injection  of  the  tumor  cells  into  the  subcutaneous  space  of  the  test  animals.  Following 
subcutaneous  injection  of  HTB-38  tumor  cells  which  had  been  infected  in  vitro  with  either  the 
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AdLpCDIRESElA  vector,  the  AdLpCD  vector,  or  the  AdWT  virus,  we  treated  the  mice  with  the  programs 
outlined  in  Fig.  8c. 

V.D.l.  Response  Studies.  None  of  the  mice  treated  with  the  Genetic  Saltz  Therapy  (Group  1)  exhibited 
regrowth  of  the  tumor  cells  at  the  injected  sites  during  the  5  months  of  follow-up  whereas  the  other  treatment 
groups  showed  regrowth  of  tumor  after  chemotherapy  (Fig.  9c).  In  each  of  the  groups  in  which  the  colon  cancer 
cell  line  HTB-38  was  infected  in  vitro  with  a  replication  competent  vector  (Groups  1  and  4)  and  in  which  in 
vivo  5FC  (in  the  case  of  the  AdLpCDIRESElA)  or  5FU  (in  the  case  of  AdWT)  was  given,  there  was  a 
statistically  significant  reduction  in  the  tumor  growth  rates  (Fig.  9c). 


V.D.2.  Survival  Studies.  There  was  a  survival  advantage  of  the  Genetic  Saltz  Therapy  (Group  1)  as  compared 
to  the  use  of  in  vivo  administration  of  the  conventional  Saltz  combination  chemotherapy  (Group  5)  as  shown  in 
Fig.  9d.  When  5FC  was  deleted  from  the  Genetic  Saltz  Therapy,  the  survival  advantage  of  the  Genetic  Saltz 
Therapy  over  the  conventional  Saltz  combination  chemotherapy  was  lost  (eg  Group  3  in  Fig.9d).  These  results 
indicated  that  the  outcome  of  therapy  depended  on  the  conversion  of  5FC  to  5FU  within  the  tumor  cells. 


Figure  8.  Tumor  specific  adenoviral  vectors. 
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Figure  8a.  The  maps  of  the  therapeutic  transcription  units  in  adenoviral  vectors.  CD=cytosine  deaminase  gene; 
IRES=intraribosomal  entry  site;  E1A=  adenoviral  replication  gene;  CM V=cytomegalo virus;  Lp=L-plastin. 


“45.0  kDa 


Figure  8b.  Western  blotting  of  E1A  polypeptides  produced  in  vector  infected  HTB-38  cells.  The  E1A  region  encodes  a  series  of 
related  proteins  (35-46kDa). 
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Figure  8c.  Tumor  specific  expression  of  the  E1A  gene  following  injection  with  vectors  carrying  the  CMV 
or  L-plastin  promoters.  In  this  study,  green  color  indicates  expression  of  E1A  peptides 


Panel  8cl.  In  the  normal  liver  injected  with  the  AdLpCDIRESElA  vector,  there  is  no  green  fluorescence  of  E1A  polypeptides. 


Panel  8c2.  In  the  tumor  nodule  injected  with  the  AdLpCDIRESElA  vector,  the  green  fluorescence  is  detectable  showing  that 
the  E1A  polypeptides  (which  are  stained  green)  are  produced  by  the  L-plastin  driven  E1A  gene  and  are  present  with  the  nuclei 
of  the  tumor  cells  which  are  stained  red. 
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Panel  8c3.  The  liver  was  injected  with  the  AdCMVCDIRESElA  vector.  The  nuclei  of  the  liver  cells  are  stained  blue  while  the 
E1A  polypeptides  are  stained  green  in  the  cells  injected  with  the  vector  carrying  the  tumor  non-selective  CMV  promoter. 
These  data  show  that  the  normal  cells  can  be  infected  by  the  vector  and  can  express  E1A  peptides  in  the  presence  of  the  CMV 
promoter. 


Panel  8c4.  The  tumor  nodule  which  was  injected  with  the  AdLpCDIRESElA  vector  also  showed  expression  of  the  E1A 
polypeptides. 
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Figure  9.  Tumor  Volumes  and  Survival  Curves  of  the  Assigned  Treatment  Groups  in  Animal  Models 
#1  and  #2. 


Days  after  initiation  of  treatment 


Panel  A  of  Figure  9.  Tumor  Response  of  Colon  Cancer  in  Mice  Following  Treatment  in  Animal  Model  #1.  The  effect  of  the 
intratumoral  injection  of  the  AdLpCDIRESElA  vector  along  with  intraperitoneal  5-FC  daily  for  10  days  and  one  day  of 
intravenous  FA  and  CPT-11  (“Genetic  Saltz”  Therapy-Group  1)  on  the  growth  of  HTB-38  cells  is  greater  than  that  of  the 
conventional  Saltz  combination  chemotherapy  (Group  6)  and  of  other  treatment  groups  (p<.05). 


Panel  B  of  Figure  9.  Survival  of  Mice  Following  Treatment  in  Animal  Model  #l.The  effect  of  the  intratumoral  injection  of  the 
AdLpCDIRESElA  vector  along  with  10  days  of  intraperitoneal  5-FC  and  one  dhy  of  intravenous  FA  and  CPT-11  (“Genetic 
Saltz”  Therapy-Group  1)  on  prolongation  of  survival  of  mice  carrying  subcutaneous  nodules  of  HTB-38  cells  is  greater  than 
that  of  the  conventional  Saltz  combination  chemotherapy-Group  6  (pc.Ol). 
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Days  after  injection  of  tumor  cells 


Panel  C  of  Figure  9.  Tumor  Response  of  Colon  Cancer  in  Mice  Following  Treatment  in  Animal  Model  #2.  The  effect  of  in  vitro 
infection  of  HTB-38  cells  with  the  AdLpCDIRESElA  vector  along  with  10  days  of  intraperitoneal  5FC  and  one  day  of 
intravenous  FA  and  CPT-11  (“Genetic  Saltz”  Therapy-Group  1)  on  tumor  growth  is  greater  than  that  of  the  conventional 
Saltz  combination  chemotherapy-Group  5  (p<.05). 


Days  initiation  aftht  trttttotttt 


Panel  D  of  Figure  9.  Survival  of  Mice  Following  Treatment  in  Animal  Model  #2.  The  effect  of  in  vitro  infection  of  HTB-38  cells 
with  the  AdLpCDIRESElA  vector  along  with  10  days  of  intraperitoneal  5-FC  and  one  day  of  intravenous  FA  and  CPT-11 
(“Genetic  Saltz”  Therapy-Group  1)  on  prolongation  of  survival  is  greater  than  that  of  the  conventional  Saltz  combination 
chemotherapy-Group  5  (p=.0001). 
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Table  1.  The  IC50  values  of  CPT-11  and  SN-38  in  tumor  cells  following  exposure  to  the  AdLpCD 
or  AdLpCDIRESElA  vectors  at  10  MOI. 


Tumor 

cells 

CPT-1  licso 
(uM) 

SN-38ic5o 

(uM) 

AdLpCD 

AdLpCD¬ 

IRESElA 

AdLpCD 

AdLpCD¬ 

IRESElA 

Ln-CaP 

3.5±1.4  xlO'3 

2.5±0.9xl04 

6.8±5.14  xlO'12 

3.5±1.2xlO'12 

MCF-7 

6.2±2.3xl04 

1.4±1.5  xKT3 

2.8±1.8  xlO'8 

3.9±1.6  xl0‘lu 

Ovcar-5 

2.8±1.1  xlO'2 

8.2±4.4  xlO‘J 

6.1±3.5  xlO4 

5.1±1.8  xlO"8  H 

HTB-38 

8.8±1.7  xlO'3 

4.3±2.3  xlO4 

7.8±4.2  xlO'12 

8.2±1.3  xlO  lz 

Table  2.  Common  toxicities  seen  in  the  treatment  groups  of  Animal  Model  #1  (Percent  of  the  total  cycles 
in  the  first  four  weeks  of  treatment). 


Groups 

Treatment 

Diarrhea 

Weight** 

Group  #1 

AdLpCDIRESE  1 A+5FC+FA+CPT  - 1 1 

2.5 

10.4±1.0 

Group  #2 

AdLpCD+5FC+FA+CPT  - 1 1 

0 

3.0±0.6 

Group  #3 

AdLpCDIRESE  1 A+5FC 

0 

8.5±0.6 

Group  #4 

AdLpCDIRESE  1 A+5FC+FA 

0 

4.1±0.5 

Group  #5 

AdLpCD+5FC+FA 

0 

6.7±0.6 

Group  #6 

CPT-1 1+5FU+FA 

32.5* 

3. 0+0.6 

Group  #7 

AdLpCDIRESE  1 A+FA+CPT  - 1 1 

2.5 

4.8±0.7 

Group  #8 

Control 

0 

8.6±0.6 

•  *The  mice  in  the  Saltz  regimen  (CPT-1 1+5-FU+FA)  which  is  Group  6  had  significantly  more  episodes 
of  diarrhea  (grade  1  or  more)  than  the  other  groups  (p=.001) 

•  ** Denotes  the  percent  change  of  weight  during  the  first  cycle  of  the  treatment. 


Key  Research  Accomplishments: 

A.  Development  of  a  new  concept  in  chemotherapy  of  colon  cancer  which  involves  the  replacement  of 
one  drug  (5FU)  in  the  Saltz  conventional  combination  chemotherapy  3  drug  regimen  (5FU,  CPT-11 
and  folinic  acid  (FA),  with  the  Ad-LpCDIRESElA  vector  and  5FC  (Genetic  Saltz  Chemotherapy) 
plus  CPT-11  and  FA. 

B.  Study  of  this  regimen  in  an  animal  model  of  colon  cancer  showing  that  the  newly  developed  Genetic 
Saltz  Chemotherapy  produces  longer  remission  duration,  longer  survival  and  less  toxicity  than  the 
conventional  Saltz  combination  chemotherapy. 
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Deisseroth  A.  L-plastin  promoter  for  adenoviral  tumor-specific  gene  expression  in  ovarian  ca.  Cancer 
Research  61:4405-4413,  2001. 

3.  Zhang,  L,  Akbulut,  H,  Tang,  Y,  Peng  XY,  Pizzomo  G,  Sapi,  E,  Manegold,  S  and  Deisseroth,  A.  Adenoviral 
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6:386-393,2002. 

4.  Akbulut,  H,  Zhang,  L,  Tang,  Y,  and  Deisseroth,  A.  The  cytotoxic  effect  of  adenoviral  vectors  carrying  L- 
plastin  promoter  regulated  E1A  and  CD  genes  in  cancers  of  the  breast  and  colon.  Cancer  Gene  Therapy.  10: 
388-395,  2003. 

5.  Akbulut,  H,  and  Deisseroth,  A.  Prevention  of  Cervical  Cancer.  In  Progress  in  Oncology  2002.  Eds.  VT 
DeVita,Jr,  S.  Heilman,  and  SA  Rosenberg.  Jones  and  Bartlett  Publishers,  Boston,  MA  pp.  251-269,  2002. 

6.  Zhang,  L,  Tang,  Y,  Linton  PJ,  and  Deisseroth,  A.  Injection  of  Ad  vector  encoding  secretable  form  of 
TAA/CD40L  fusion  protein  induces  T  cell  dependent  immune  response  for  against  tumor  cells.  Accepted  for 
Communication,  PNAS,  2003. 

7.  Akbulut,  H,  Tang,  Y,  Maynard,  J,  and  Deisseroth,  A.  Reduced  toxicity  and  increased  efficacy  of  Saltz 
regimen  which  utilizes  vector  mediated  tumor  specific  delivery  of  5FU.  Submitted  2003. 

8.  Deisseroth  A,  Tang  YC,  Akbulut  H,  and  Liu  YZ.  Vector  Targeting  of  Cancer.  In:  Critical  Reviews  in 
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Ireland,  2003. 

Conclusions: 

The  conclusions  that  can  be  reached  from  this  research  study  are  as  follows: 

1.  The  L-plastin  promoter  is  a  strong  tumor  specific  transcriptional  promoter  even  when  placed  in  the 
backbone  of  the  adenoviral  vector. 

2.  The  replication  incompetent  Ad-LP-CD  vector  can  sensitize  tumor  cells  to  the  effects  of  chemotherapy. 

3.  The  Ad-Lp-EIA  produces  a  tumor  specific  cytolytic  effect  on  tumor  cells. 

4.  The  AdLpCDIRESElA  vector  displays  greater  toxicity  to  tumor  cells  that  either  of  the  single 
transcription  unit  vectors. 

5.  When  the  Saltz  Combination  Chemotherapy  Regimen  of  5FU,  CPT-1 1  and  folinic  acid  (FA)  is  modified 
so  that  5FU  is  replaced  by  the  AdLPCDIRESEl  A  vector  and  5FC  and  given  along  with  CPT-1 1  and  FA, 
the  survival  of  tumor  bearing  mice  is  prolonged,  the  response  duration  of  subcutaneous  nodules  of  tumor 
is  prolonged  and  the  gastrointestinal  toxicity  of  the  regimen,  as  measured  by  diarrhea,  is  decreased  in 
tumor  bearing  mice. 

6.  If  the  fiber  protein  of  this  vector  can  be  modified  such  that  the  binding  of  the  AdCDIRESElA  is  specific 
to  tumor  cells  or  tumor  vasculature,  then  this  vector  could  be  given  intravascularly  for  the  treatment  of 
metastatic  cancer. 
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Use  of  L-plastin  promoter  to  develop  an  adenoviral  system 
that  confers  transgene  expression  in  ovarian  cancer  cells 
but  not  in  normal  mesothelial  cells 

Injae  Chung,1  Peter  E.  Schwartz,1  Ronald  G.  Crystal,2  Giuseppe  Pizzorno,1  John  Leavitt,3  and 
Albert  B.  Deisseroth1 

’Yale  University  School  of  Medicine,  New  Haven,  Connecticut  06520;  2The  New  York  Hospital, 

Cornell  Medical  Center,  New  York,  New  York  10021;  and  3 Palo  Alto  Medical  Foundation  Research  Institute, 
Palo  Alto,  California  94301. 

The  objective  of  this  study  was  to  develop  an  adenoviral  vector  system  that  would  generate  a  pattern  of  expression  of  exogenous 
therapeutic  genes  appropriate  for  the  treatment  of  ovarian  cancer.  For  this  purpose,  we  have  generated  a  replication-deficient 
recombinant  adenoviral  vector,  AdLPLacZ,  which  contains  the  human  L-plastin  (LP)  promoter  (LP-P)  driving  the  Escherichia  coli 
LacZ gene.  LP  is  constitutively  expressed  at  high  levels  in  malignant  epithelial  cells  but  is  not  expressed  in  normal  tissues,  except 
at  low  levels  in  mature  hematopoietic  cells.  Because  adenoviral  vectors  infect  early  hematopoietic  multilineage  precursor  cells  only 
poorly  or  not  at  all,  this  vector  would  be  of  use  in  the  peritoneal  cavity  and  in  vitro  for  marrow  purging.  We  first  analyzed  the 
expression  of  the  LacZ  reporter  gene  in  ovarian  and  breast  cancer  cell  lines,  normal  fibroblasts,  and  leukemia  cell  lines  using  the 
adenoviral  vector  in  which  the  LacZ  gene  is  governed  by  the  LP-P  promoter  (AdLPLacZ)  or  in  which  the  LacZ  gene  is  governed  by 
the  cytomegalovirus  (CMV)  promoter  (AdCMVLacZ).  We  found  equivalent  and  high  levels  of  expression  of  0-galactosidase  O-gal) 
by  AdLPLacZ  and  AdCMVLacZ  vectors  in  the  breast  or  ovarian  cancer  cell  lines  as  well  as  in  a  fibrosarcoma  cell  line,  indicating 
that  the  adenoviral  vectors  infected  these  cells  and  expressed  their  transgenes  equally  with  the  LP  and  CMV  promoters.  Expression 
of  the  LacZ  gene  with  the  CMV  vector  but  not  with  the  LP-P  vector  was  observed  in  experiments  with  normal  fibroblasts,  indicating 
that  the  vectors  infected  the  cells,  but  that  the  LP-P  was  not  active  within  them.  In  hematopoietic  cells  such  as  U937  cells,  no 
measurable  0-gal  activity  was  detected  in  cells  infected  either  by  AdLPLacZ  or  by  AdCMVLacZ,  indicating  that  the  adenoviral 
vectors  were  not  infecting  the  cells.  Although  0-gal  activity  was  observed  in  fresh  ascitic  ovarian  cancer  cells  after  infection  with 
adenoviral  vectors  containing  CMV  or  the  LP  promoters,  0-gal  activity  was  detected  in  a  portion  of  a  biopsy  of  normal  peritoneum 
when  the  tissues  were  exposed  to  the  AdCMVLacZ  vector,  but  not  when  tissues  were  exposed  to  the  AdLPLacZ  vector.  These  results 
suggest  that  the  transcription  of  therapeutic  genes  in  cells  infected  by  the  AdLP  vectors  would  be  restricted  to  LP  expression-positive 
ovarian  carcinoma  cells  but  would  not  be  seen  in  the  normal  mesothelial  cells  of  the  peritoneal  cavity.  This  possibility  implies  that 
adenoviral  vectors  carrying  therapeutic  genes  driven  by  the  LP-P  would  be  of  use  for  the  intracavitary  treatment  ovarian  cancer. 

Key  words:  Ovarian  cancer;  LacZ;  L-plastin;  tumor  specific. 


Gene  therapy  represents  a  potentially  novel  ap¬ 
proach  to  cancer  treatment,  in  which  the  transfer  of 
genetic  material  into  a  specific  cell  type  alters  the 
phenotype  of  the  target  cells1-3  in  a  way  that  improves 
the  outcome  of  therapy.  Adenoviral  vectors  have  be¬ 
come  the  most  widely  used  vector  for  the  delivery  of 
prodrug  activation  transcription  units  in  the  field  of 
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cancer  gene  therapy.4-8  However,  one  of  the  limitations 
of  this  vector  system  for  cancer  gene  therapy  may  be  its 
broad  cellular  host  range,  which  results  in  toxicity  to 
both  the  tumor  cells  and  the  surrounding  normal  cells. 
One  way  to  circumvent  this  limitation  would  be  through 
the  use  of  a  tumor-  or  tissue-specific  promoter  for  the 
therapeutic  gene  carried  by  the  vector,  which  is  active  in 
the  target  tumor  cells  but  not  in  the  normal  cells. 
Comparative  examination  studies  of  protein  synthesis  in 
normal  and  neoplastic  human  fibroblasts  that  were 
conducted  in  the  laboratory  of  J.L.9-12  led  to  the  discov¬ 
ery  of  L-plastin  (LP),  a  gene  that  codes  for  an  actin- 
binding  protein,  which  is  expressed  at  high  levels  in 
human  epithelial  cancer  cells. 

In  their  review  of  solid  tumors,  LP  was  found  to  be  a 
marker  expressed  at  high  levels  in  the  majority  of  human 
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cancer  cells  of  nonhematopoietic  origin.9"12  A  survey  of 
simian  virus  40-transformed  human  fibroblasts  and  hu¬ 
man  sarcoma  cell  lines  as  well  as  human  carcinoma  cell 
lines  has  demonstrated  that  the  LP  gene  was  transcrip¬ 
tionally  active,  although  at  widely  varying  degrees,  in 
nearly  all  of  the  human  cancer  cells  tested.9-12  In 
particular,  high  levels  of  LP  synthesis  are  found  in 
tumors  derived  from  female  reproductive  organs.12  In 
addition,  the  LP  gene  seems  to  be  transcriptionally 
regulated  through  the  5.1  kilobases  (kb)  of  the  5'- 
regulatory  region.11-12  Because  the  adenoviral  vector 
has  a  wide  host  range  in  epithelial  cells,  we  proposed 
using  the  LP  promoter  (LP-P)  in  an  adenoviral  vector  to 
restrict  the  expression  of  the  adenoviral  vector  therapeu¬ 
tic  gene  to  the  LP-positive  carcinoma  cells,  so  as  to  avoid 
expression  in  normal  cells.  In  the  present  study,  we 
generated  a  replication-deficient  adenoviral  vector  car¬ 
rying  the  LacZ  gene  in  a  transcriptional  unit  governed  by 
a  truncated  LP-P  (a  2.4-kb  subset  of  the  5'-promoter 
region  of  the  LP  gene)  to  accommodate  both  the  LP-P 
and  therapeutic  genes.  We  subsequently  studied  the  use 
of  this  LP  LacZ  adenoviral  vector  in  various  human  cell 
lines  and  patient  samples  to  determine  the  pattern  of  its 
transgene  expression  in  neoplastic  and  normal  cells. 


MATERIALS  AND  METHODS 

Generation  of  AdLPLacZ 

We  obtained  a  replication-incompetent  adenoviral  type 
5-based  vector  from  which  the  El  and  E3  genes  were  deleted 
(provided  by  the  laboratory  of  R.G.C.,  The  New  York  Hospi¬ 
tal,  Cornell  Medical  Center).3-5  The  AdLPLacZ  vector  is  a 
modification  of  the  vector  obtained  from  the  this  laboratory,  in 
which  the  human  LP-P  and  the  Escherichia  coli  LacZ  gene  that 
codes  for  0-galactosidase  (/3-gal)  have  been  introduced  by  the 
Deisseroth  laboratory  into  the  El  region.  The  first  step  in  the 
generation  of  AdLPLacZ  was  to  construct  an  El  shuttle  vector, 
pLPLacZ,  which  contains  the  expression  cassette  of  the  LacZ 
gene  under  the  control  of  the  human  LP-P.  This  was  accom¬ 
plished  as  follows:  we  first  isolated  a  Seal  2.4-kb  fragment  (i.e., 
-2265  to  +118  base  pairs  (bp))  of  the  human  LP-P  from  the 
pHLPr-0-gal-Neo  plasmid,  which  was  obtained  from  J.L.  (Palo 
Alto  Medical  Research  Institute),9-12  as  shown  in  Figure  1.  At 
the  beginning  of  the  construction,  the  vector  was  identical  with 
that  outlined  by  Hirschowitz  et  al.s  We  then  ligated  the  Seal 
2.4-kb  fragment  to  the  Hindi  site  of  pBluescript  II  SK~ 
(Stratagene,  La  Jolla,  Calif),  to  produce  pLPSK  (see  Fig  1). 
The  Spel/Xhol-digested  2.4-kb  fragment  of  pLPSK  was  then 
ligated  to  the  Spel/ATioI-digested  pCMV/3-P  (obtained  from 
R.G.C.)3-5  after  removing  the  cytomegalovirus  (CMV)  en¬ 
hancer/promoter  to  obtain  pLPLacZ  (see  Fig  1).  The  adeno¬ 
virus  vector  AdLPLacZ  was  produced  by  homologous  recom¬ 
bination  using  standard  techniques.3  For  homologous 
recombination  to  occur,  pBHGlO  (Microbix  Biosystems,  On¬ 
tario,  Canada)  and  pLPLacZ  were  cotransfected  into  293  cells 
by  the  calcium  phosphate  coprecipitation  method.  Individual 
plaques  were  screened,  and  the  identity  of  each  as  AdLPLacZ 
was  verified  (see  Fig  2)  by  amplifying  part  of  the  sequences  of 
the  LacZ  gene  and  Ad5  by  polymerase  chain  reaction  (PCR). 
The  sequences  of  the  primers  used  for  the  screen  were  as 
follows:  the  forward  primer  of  Ad5,  5'-TCGTTTCTCAG- 
CAGCTGTTG-3',  and  the  reverse  primer  of  Ad5, 5'-CATCT- 
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Figure  1.  Assembly  of  AdLPLacZ  adenoviral  vector  by  the  homol¬ 
ogous  recombination  method.  LPLacZ  is  a  shuttle  vector  that 
contains  an  adenoviral  inverted  terminal  repeat  (ITR)  and  packaging 
signal  (4'),  the  LacZ  gene  driven  by  the  LP-P,  and  some  adenoviral 
vector  sequences  that  are  homologous  in  sequence  (HR)  to  those 
present  in  the  BHG10  adenoviral  vector  plasmid  clone.  These  HR 
sequences,  when  combined  with  the  pBGIO  adenoviral  vector 
plasmid,  produce  a  complete  replication-incompetent  adenoviral 
vector  (AdLPLacZ).  which  contains  the  LacZ  gene  driven  by  the 
LP-P.  The  BHG10  plasmid  was  obtained  from  the  laboratory  of 
Frank  Graham.  (Microbix  Biosystems,  Ontario,  Canada)  It  contains 
all  of  the  adenoviral  genes  3'  to  the  El  gene,  except  for  the  £3  gene, 
which  has  been  deleted.  There  is  another  ITR  at  the  very  3’  end  of 
the  vector.  The  complete  recombinant  vector  is  designated  AdL¬ 
PLacZ. 


GAACTCAAAGCGTGG-3',  were  located  at  11  and  13.4  map 
units  of  the  Ad5  genome,  respectively,  which  generated  a 
860-bp  PCR  product  as  published  previously.13  The  primer  set 
for  the  LacZ  gene  was  designed  according  to  the  sequence 
information  for  the  pCMV/3-gal  plasmid  provided  by  Clontech 
(Palo  Alto,  Calif).  The  forward  primer  of  LacZ  gene  included 
from  -2072  to  -2092  bp  (5'-CCTGCTGATGAAGCA- 
GAAC-3');  the  reverse  primer  was  from  -2340  to  -2358  bp 
(5'-CGATTAGTGCTGCGCGACA-3'),  which  generated  a 
287-bp  PCR  product.  The  results  of  the  PCR  assays  (see  Fig  2) 
documented  the  introduction  of  the  LacZ  transcription  unit 
into  the  adenoviral  vector. 

AdLPLacZ  and  control  virus  (AdCMVLacZ),  which  con¬ 
tained  a  CMV  promoter  driving  the  LacZ  gene  (obtained  from 
the  laboratory  of  R.G.C.),  were  propagated  in  293  cells  and 
recovered  36  hours  after  infection  by  five  cycles  of  freezing/ 
thawing  of  the  infected  cells.  All  viral  preparations  were 
purified  by  CsCl  density  centrifugation,  dialyzed,  and  stored  in 
dialysis  buffer  (10  mM  tris(hydroxymethyl)aminomethane-HCl 
(pH  7.4)  and  1  mM  MgCfy)  at  -70°C  before  use.  Titers  of  the 
viral  stocks  were  determined  by  plaque  assay  using  293  cells  by 
standard  methods.14 

Cell  culture 

Cells  were  maintained  in  Iscove’s  modified  essential  medium 
(Biofiuids,  Rockville,  Md)  supplemented  with  10%  fetal  bo¬ 
vine  sera  (FBS)  and  2  mM  glutamine  (in  the  case  of  293  cell 
line);  in  Dulbecco’s  modified  Eagles’  medium/F12  (Life  Tech- 
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Figure  2.  PCR  analysis  ol  recombinant  adenoviral  vector  with 
LP-P /LacZ  gene.  DNA  was  isolated  from  plaques  resulting  from 
calcium  phosphate  transfection  of  the  AdLPLacZ  shuttle  vector  and 
the  pBHGIO  adenoviral  vector  with  a  deletion  in  the  El  gene  region. 
The  homologous  recombination  event  would  take  place  such  that 
the  L P/LacZ  gene  would  be  inserted  into  the  adenoviral  vector  in  the 
El  gene  region.  PCR  was  performed  on  this  DNA  as  outlined  in 
Materials  and  Methods.  The  adenoviral  vector  strain  5  primers 
generate  an  860-bp  fragment,  and  the  LacZ  primers  generate  a 
287-bp  fragment.  Lane  1,  molecular  weight  markers;  lane  2,  control 
for  the  adenoviral  vector;  lane  3,  control  for  the  LacZ  shuttle  vector; 
lane  4,  recombinant  vector.  We  conclude  that  the  desired  vector 
was  obtained. 

nologies,  Gaithersburg,  Md)  supplemented  with  10%  FBS  (in 
the  case  of  the  HT-1080.  WI-26-VA4,  CCD-944SK,  CCD- 
862SK,  PA-1,  BT-20,  MDA-MB-468,  SKOV-3,  and  1GROV-1 
cell  lines);  in  Dulbecco’s  modified  Eagle’s  medium/F12  sup¬ 
plemented  with  10%  FBS  and  10  ng/mLof  insulin  (in  the  case 
of  the  MCF-7,  MDA-MB-436,  and  OVCAR-3  cell  lines),  and 
in  RPMI  1640  (Life  Technologies)  supplemented  with  10% 
FBS  (in  the  case  of  the  HL-60  and  U937  cell  lines).  All  cell 
lines  were  purchased  from  the  American  Type  Culture  Collec¬ 
tion  (Manassas,  Va). 

Preparation  of  patient  samples 

Samples  of  ovarian  cancer  or  normal  peritoneal  surface  tissue 
were  obtained  by  P.E.S.  as  incidental  specimens  during  diag¬ 
nostic  and  therapeutically  indicated  surgical  procedures  for  the 
treatment  of  ovarian  cancer.  The  procurement  of  these  sam¬ 
ples  was  performed  as  part  of  protocols  approved  by  the  Yale 
Human  Investigations  Committee.  The  tissue  samples  were 
minced  with  scissors,  treated  with  disaggregation  medium  and 
collagenase,  and  rinsed;  viable  cell  counts  were  determined  by 
trypan  blue  exclusion.  Cells  were  then  immediately  exposed  to 
the  vector  for  a  24-hour  period  and  subsequently  stained  for 
LacZ  gene  activity. 


mented  at  10%  by  volume  with  AdLPLacZ  crude  viral  lysate  of 
an  overnight  culture.  After  24  hours,  cells  were  fixed  at  room 
temperature  for  10  minutes  with  a  solution  of  2%  formalde¬ 
hyde  and  0.2%  glutaraldehyde,  washed  three  times  with  phos¬ 
phate-buffered  saline,  and  exposed  overnight  to  5-bromo-4- 
chloro-3-indolyl  /3-D-galactoside  (X-Gal)  (1  mg/mL)  in 
phosphate-buffered  saline  containing  5  mM  potassium  ferri- 
cyanide,  5  mM  potassium  ferrocyanide,  and  2  mM  MgS04  at 
37 °C.15  For  flow  cytometric  analysis  and  sorting  (FACS)  of 
cells  for  /3-gal  activity,  cells  (1  X  105  cells/well  in  a  24-well 
plate)  were  infected  with  AdLPLacZ  or  AdCMVLacZ  at  a 
multiplicity  of  infection  of  25  or  50  in  medium  containing  2% 
FBS  for  90  minutes.  At  24  or  48  hours  after  the  initial 
infection,  cells  were  subjected  to  FACS-gal  analysis  as  de¬ 
scribed  by  Roederer  et  al.15  Briefly,  after  harvesting  by  cen¬ 
trifugation  (HL-60  and  U937)  or  by  trypsinization,  cells  were 
resuspended  with  50  p.L  of  staining  medium  (RPMI  1640 
supplemented  with  4%  FBS  and  10  mM  N-2-hydroxyeth- 
yIpiperazine-N'-2-ethanesulfonic  acid,  pH  7.4)  containing 
chloroquine  and  incubated  for  20  minutes  at  37°C.  Cells  were 
then  exposed  to  50  /iL  of  2  mM  of  fluorescein  di-/3-D- 
galactopyranoside  for  60  seconds,  following  which  1  mL  of 
ice-cold  Quench  solution  (staining  solution  with  propidium 
iodide)  was  added;  subsequently,  cells  were  further  incubated 
on  ice  for  1  hour.  After  adding  phenylethyl  0-D-thiogalactopy- 
ranoside,  cells  were  subjected  to  FACS  analysis. 


RESULTS 

Generation  of  AdLPLacZ 

We  have  generated  a  recombinant  adenoviral  vector, 
AdLPLacZ,  in  which  the  E.  coli  LacZ  reporter  gene  is 
placed  downstream  of  a  2.4-kb  DNA  sequence  (-2263 
to  +118  bp  with  respect  to  the  transcription  start  site) 
that  was  taken  from  the  human  LP  5'  transcriptional 
regulatory  region  (Fig  1).  The  E3  region  and  most  of  the 
El  region  were  removed  from  this  vector.4  The  expres¬ 
sion  cassette  containing  the  LP-P  and  the  LacZ  gene 
replaces  the  El  region  of  the  adenovirus  strain  5.  Lin  et 
al  1  have  indicated  that  activation  of  the  LP  gene  in 
tumorigenesis  is  governed  by  c«-acting  elements  present 
in  5.1  kb  of  DNA  located  in  the  transcriptional  regula¬ 
tory  region  immediately  5'  to  the  LP  gene.  However,  we 
incorporated  a  2.4-kb  DNA  sequence  of  the  LP  gene 
(-2263/+ 118)  in  this  study,  largely  attributable  to  the 
limited  capacity  of  the  adenoviral  vector,  pBHGIO,  in 
which  a  maximum  of  7.5  kb  of  exogenous  sequence  can 
be  inserted.  PCR  analysis  of  DNA  isolated  from  plaque- 
purified  clones  of  this  vector  (see  Fig  2)  documented  the 
successful  introduction  of  0-gal  into  these  vectors.  We 
have  tested  this  AdLPLacZ  vector  in  293  cells  by  a 
staining  method  to  determine  whether  this  vector  could 
produce  functional  /3-gal  enzyme.  Intense  blue  staining 
was  observed  in  293  cells  that  have  been  infected  with 
the  AdLPLacZ  crude  viral  lysate  (data  not  shown). 

Testing  of  AdLPLacZ  in  normal  and  neoplastic  cells 


Infection  of  cells  and  detection  of  (3-gal  activity 

For  infection  and  the  detection  of  0-gal  activity  by  staining, 
cells  were  exposed  to  complete  tissue  culture  medium  supple¬ 


To  test  the  ability  of  the  2.4  kb  of  LP-P  to  direct  the 
expression  of  the  LacZ  transgene  in  a  tumor  cell-specific 
manner,  we  infected  various  human  cell  lines  with  the 
AdLPLacZ  crude  viral  lysate  and  monitored  0-gal  activ- 
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Table  1.  Comparison  of  X-Gal  Staining  in  Various  Human  Celt 
Lines  After  Infection  with  Ad.LP.LacZ 


Cell  lines 

X-Gal  staining 

Ovarian  carcinoma 

PA-1 

+ 

OVCAR-3 

+ 

SKOV-3 

+ 

Hematopoietic  cells 

U937 

- 

HL-60 

- 

Fibrosarcoma 

HT-1080  Simian  virus-transformed 

+ 

WI-26-VA4  Human  skin  fibroblast 

- 

CCD-944SK 

- 

CCD-862SK 

- 

Breast  carcinoma 

MCF-7 

+ 

BT-20 

+ 

MDA-MB-436 

MDA-MB-468 

+ 

ity  by  a  chrometric  staining  with  X-Gal  as  described  in 
Materials  and  Methods.  The  results  of  this  experiment 
are  shown  in  Table  1.  Intensely  staining  blue  color 
reactions  catalyzed  by  the  LP -LacZ  adenoviral  vector 
were  produced  in  all  of  the  human  ovarian  carcinoma 
cell  lines  tested,  such  as  PA-1,  OVCAR-3,  and  SKOV-3, 
as  well  as  in  human  mammary  carcinoma  cell  lines  such 
as  MCF-7,  BT-20,  MDA-MB-436,  and  MDA-MB-468. 
However,  no  such  staining  was  detected  in  normal 
human  skin  fibroblast  cell  lines  such  as  CCD-862SK  and 
CCD-944SK,  even  at  3  days  after  initiation  of  the 
staining  reaction  (see  Table  1).  A  human  fibrosarcoma 
cell  line,  HT-1080,  which  expresses  a  high  level  of 
endogenous  LP ,12  developed  a  dark-blue  staining  upon 
infection  with  this  viral  vector,  whereas  the  cell  line 
WI-26-VA4,  which  is  not  known  to  express  LP  from  its 
endogenous  gene,12  exhibited  no  staining  by  this 
method.  Because  LP  is  constitutively  expressed  in  nor¬ 
mal  mature  hemopoietic  cell  lines,  we  assumed  that  the 
human  leukemia  cell  lines  U937  and  HL-60  might 
express  abundant  LP.  However,  only  a  small  percentage 
of  cells  exhibited  a  blue  color  upon  exposure  to  AdL- 
PLacZ  (see  Fig  3  and  Tables  1  and  2).  This  low  level  of 
LacZ  reactivity  may  be  attributable  to  the  low  infectivity 
of  early  hematopoietic  cells  for  the  adenoviral  vector 
(see  below). 

To  measure  the  transduction  efficiencies  of  the  AdLP 
vector  and  the  relative  strength  of  LP-P  in  cell  lines,  we 
performed  FACS-gal  analysis  of  the  adenoviral  vector- 
infected  cells  following  exposure  to  the  AdLPLacZ  or 
AdCMVLacZ  vectors  at  a  multiplicity  of  infection  (ratio 
of  infectious  viral  particles  to  nucleated  cells)  of  50.  At 
24-48  hours  postinfection,  cells  were  subjected  to 
FACS-gal  analysis.  In  Figure  3,  we  present  the  represen¬ 
tative  results  of  FACS  analysis  of  /3-gal  staining  of  the 
infected  cells. 

Less  than  1%  of  the  CCD-862SK  and  CCD-944SK 
normal  human  skin  fibroblast  cell  lines  expressed  /3-gal 


Table  2.  FACS-Gat  Analysis 


Cell  lines 

FACS-gal  analysis 

Range 

LP/CMV  (%)  (LP,  CMV) 

Ovarian  carcinoma 

OVCAR-3 

0.68 

(30-95,  50-95) 

SKOV-3 

1.45 

(20-70,  10-45) 

Hematopoietic  cells 

U937 

0.8 

(1-5,  1-5) 

Fibrosarcoma 

HT-1080 

0.7 

(20-90,  40-80) 

Simian  virus-transformed 

WI-26-VA-4 

0.27 

(5-20,  40-50) 

Human  skin  fibroblast 

CCD-944SK 

0.07 

(1-2,  15-45) 

CCD-862SK 

0.11 

(1-2,  15-30) 

Breast  carcinoma 

BT-20 

0.23 

(10,  30-50) 

MDA-MB-468 

0.95 

(75-97,  80-97) 

Data  were  obtained  from  six  independent  experiments.  The 
percentage  of  cells  expressing  /3-gal,  determined  by  FACS-gal 
analysis,  for  the  LP  and  CML  vectors,  is  indicated  on  the  right 
side  of  the  Table  (LP,  CMV).  The  relative  activity,  as  measured  by 
the  ratio  of  the  percentage  of  cells  expressing  /3-gal  with  the  LP 
and  CMV  promoters,  is  on  the  left  side  of  the  Table  (LP/CMV  (%)). 


upon  infection  with  AdLPLacZ,  in  which  the  LP-P  was 
driving  the  LacZ  gene;  however,  225%  of  the  cells  are 
infectable  by  the  adenoviral  vector,  as  suggested  by  the 
blue  color,  which  develops  when  the  same  cells  are 
infected  with  the  control  vector,  AdCMVLacZ,  in  which 
the  CMV  promoter  is  driving  the  LacZ  gene.  These 
results  indicated  that  the  absence  of  LacZ  expression  in 
normal  skin  fibroblasts  infected  with  the  LP-/3-gal  ad¬ 
enoviral  vector  did  not  result  from  the  low  infection 
efficiency  of  AdLPLacZ  in  normal  fibroblasts,  but  rather 
from  a  low  transcriptional  activity  of  the  LP-P  in  fibro¬ 
blast  cell  lines. 

In  contrast,  in  a  cell  line  known  to  express  high  levels 
of  LP  (i.e.,  HT-1080),  nearly  90%  of  the  cells  were 
positive  for  infection  by  the  AdLPLacZ  vector  and  for 
expression  of  the  LacZ  gene,  as  measured  by  positivity  in 
the  /3-gal  staining  assay.  Infecting  SKOV-3,  a  human 
ovarian  carcinoma  cell  line,  with  the  AdLPLacZ  and 
AdCMVLacZ  vectors  generated  70-100%  and  45% 
positivity  of  cells  in  the  /3-gal  assay,  respectively.  A 
high  percentage  of  /3-gal-expressing  cells  was  observed 
in  MDA-MB-468  cells  (a  human  breast  carcinoma 
cell  line)  following  exposure  to  either  AdLPLacZ  or 
AdCMVLacZ.  These  results  suggest  that  the  LP-P  is 
almost  as  active  as  the  CMV  promoter  in  ovarian  and 
breast  cancer  cell  lines. 

In  contrast,  only  —5%  of  the  U937  human  leukemia 
cells  were  positive  in  the  /3-gal  assay  when  these  cells 
were  exposed  to  either  the  AdLPLacZ  or  the  AdCMV¬ 
LacZ  vector,  confirming  the  fact  that  adenoviral  vector 
infects  early  hematopoietic  cells  veiy  inefficiently  or  not 
at  all.16-18  These  results,  which  were  obtained  from  six 
independent  experiments,  are  summarized  in  Table  2. 
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Figure  3.  FACS-gal  analysis  of  the 
cell  lines  exposed  to  AdLPLacZ  and 
AdCMVLacZ  adenoviral  vectors.  Cell 
lines  derived  from  patients  with:  A, 
breast  cancer  (MDA-MD-468);  B, 
ovarian  cancer  (SKOV-3);  C  and  D, 
skin  fibroblasts  (CCD-862SK  and 
CCD-944SK);  E,  hematopoietic  leu¬ 
kemia  cells  (U937);  and  F,  simian 
virus  40-transformed  cells  (HT-1080) 
were  exposed  to  either  the  AdL¬ 
PLacZ  vector  (dark  solid  line)  or  the 
AdCMVLacZ  vector  (light  solid  line) 
and  compared  with  cells  exposed  to 
no  vector  (light  dotted  line)  under  the 
conditions  analyzed  in  Materials  and 
Methods.  The  cells  were  then  stained 
by  the  X-Gal  reaction  and  analyzed 
by  a  fluorescence  detection  scanner. 
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Ad.LP.LacZ  Ad.CMV.LacZ 


Figure  4.  X-Gal  staining  studies  of  normal  me- 
sothelial  cells  and  malignant  ascites  from  an  ovar¬ 
ian  cancer  patient.  Fresh  samples  from  patients 
were  exposed  to  0.5  ml  of  medium  containing 
150  million  plaque-forming  units  of  the  adenoviral 
vector  (except  for  E  and  F,  in  which  50  million 
plaque-forming  units  were  used)  for  90  minutes, 
washed,  and  incubated  in  the  absence  of  the 
vector  for  another  24  hours;  next,  samples  were 
exposed  to  the  conditions  of  the  X-Gal  staining. 
Ascitic  ovarian  cancer  cells  were  infected  with 
either  the  AdLPLacZ  (A  and  C)  or  the  AdCMVLacZ 
(B  and  D)  vectors.  Biopsy  cells  from  the  mesothe- 
lium  of  patients  undergoing  surgical  procedures 
were  exposed  to  either  the  AdLPLacZ  (E)  or 
AdCMVLacZ  (F)  vectors. 


The  relative  activities  of  the  LP  and  CMV  transcrip¬ 
tional  promoters  in  infected  cell  lines,  when  measured 
by  the  percentage  of  /3-gal-positive  cells,  are  also  docu¬ 
mented  by  these  data.  In  summary,  the  AdLP  vector 
system  could  direct  the  expression  of  a  heterologous 
gene  in  a  neoplastic  cell-dependent  manner.  These  data 
suggest  that  the  level  of  expression  would  be  dependent 
upon  the  endogenous  level  of  LP  expression. 

Testing  of  AdLPLacZ  in  normal  peritoneum  and  ascitic 
ovarian  cancer  cells  from  patients 

To  determine  the  susceptibility  to  infection  by  adenovi¬ 
ral  vectors  and  the  level  of  expression  of  transgenes 
driven  by  the  LP-P  in  ovarian  cancer  cells  and  normal 
mesothelial  peritoneal  lining  cells  obtained  from  pa¬ 
tients,  we  incubated  ascitic  ovarian  cancer  cells  and  a 
portion  of  a  biopsy  of  the  normal  mesothelial  cells  of  the 
peritoneum  with  either  the  AdLPLacZ  or  the  AdCMV¬ 
LacZ  vectors  overnight.  At  2  days  after  infection,  /3-gal 
expression  was  determined  by  X-Gal  staining.  As  shown 
in  Figure  4,  LacZ  expression  was  visible  in  the  ascitic 
ovarian  cancer  cells  that  had  been  infected  with  AdL¬ 
PLacZ  (Fig  4,  A  and  C)  as  well  as  with  AdCMVLacZ 
(Fig  4,  B  and  D).  In  the  portion  of  the  peritoneal  biopsy 
that  contained  normal  mesothelial  cells,  however,  the 
cells  did  not  produce  any  blue  staining  upon  infection 


with  the  vector  in  which  the  LacZ  gene  is  under  the 
control  of  the  LP-P  (Fig  4E);  cells  that  had  been  infected 
with  a  vector  in  which  LacZ  gene  is  driven  by  the  CMV 
promoter  expressed  the  /3-gal  in  a  dose-dependent  man¬ 
ner  (Fig  4F). 

In  summary,  an  adenovirus  vector  with  a  CMV  pro¬ 
moter  infected  and  expressed  the  LacZ  gene  in  ascitic 
ovarian  cancer  cells  as  well  as  in  normal  peritoneal 
mesothelial  cells.  However,  an  adenoviral  vector  with 
the  LP-P  directing  the  LacZ  gene  was  expressed  in 
ovarian  cancer  cells  but  not  in  the  normal  mesothelial 
cells  obtained  from  a  single  patient  at  the  time  of  a 
therapeutically  indicated  surgical  procedure.  These 
studies  indicated  that  the  ascitic  ovarian  cancer  cells  and 
normal  mesothelial  celis  were  both  infectable  by  the 
adenoviral  vectors,  because  they  both  expressed  the 
LacZ  gene  driven  by  the  CMV  prc  moter  in  an  adeno¬ 
viral  vector.  In  contrast,  the  LP-P-driven  LacZ  adenovi¬ 
ral  transcription  unit  was  expressed  in  the  ovarian  cancer 
cells  but  not  in  the  normal  mesothelial  cells. 

DISCUSSION 

Usually  the  extent  of  expression  of  therapeutic  trans¬ 
genes  in  cells  infected  by  the  adenoviral  vectors  carrying 
those  genes  in  a  transcription  unit  driven  by  the  CMV 
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promoter  is  determined  largely  by  infection  efficiency, 
The  sensitivity  of  a  cell  to  infection  by  the  adenoviral 
vector  depends  not  only  upon  the  number  of  receptors 
on  the  cell  surface  for  the  fibrillar  protein,  which  medi¬ 
ates  binding,  but  also  upon  the  presence  of  the  aV/33 
and  aV/35  integrins  that  bind  to  the  adenovirus  penton 
base  proteins,  thereby  mediating  the  uptake  of  the 
adenovirus  at  the  cell  membrane  level  and  its  release 
from  postuptake  endosomes. 19,20  As  an  example,  epithe¬ 
lial  cells  are  readily  infectable  by  the  adenoviral  vector, 
but  early  hematopoietic  cells,  because  they  do  not 
contain  the  requisite  integrin  receptors,  are  not  readily 
infectable  without  an  induction  of  differentiation  of 
these  cells,  which  increases  the  levels  of  the  necessary 
integrins  on  the  cell  surface  (see  Refs.  19-21).  However, 
in  this  study,  we  have  generated  an  adenoviral  vector 
system  that  contains  2.4  kb  of  LP-P  regulating  the 
expression  of  the  LacZ  reporter  gene  in  neoplastic  cells. 
In  cells  exposed  to  this  vector,  the  expression  of  the 
transgene  is  governed  not  only  by  the  infectability  of 
cells  by  the  vector  but  also  by  the  activity  of  the  LP-P  in 
the  infected  cells.  We  have  demonstrated  in  vitro  that  the 
2.4  kb  of  LP-P  nearest  the  transcription  initiation  site  of 
the  gene  could  direct  heterologous  gene  expression 
preferentially  in  neoplastic,  but  not  in  normal,  mesothe- 
lial  cells.  In  addition,  we  have  shown  that  the  LP-P 
activity  has  a  strength  of  transcriptional  activity  in 
neoplastic  epithelial  cells  that  is  comparable  with  that 
seen  with  the  CMV  promoter.  Thus,  the  AdLP  vector 
carrying  a  prodrug  activation  chemotherapy  sensitiza¬ 
tion  transcription  unit  may  have  significant  utility  in  the 
chemosensitization  of  the  ovarian  cancer  cells  present  as 
implants  on  the  peritoneal  surface  or  as  ascites  to 
intraperitoneal  chemotherapy,  because  the  LP-P  in  the 
studies  presented  in  this  paper  was  very  active  in  ovarian 
cancer  cell  lines  and  in  fresh  ascitic  ovarian  cancer  cells 
but  was  not  active  in  cell  lines  of  mesodermal  origin  or 
in  normal  peritoneal  mesothelial  cells. 
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ABSTRACT 

A  2.4-kb  truncated  I.-plastin  promoter  was  inserted  cither  S'  to  the 
LacZ  gene  (Ad-Lp-LacZ)  or  5'  to  the  cytosine  deaminase  (CD)  gene 
(Ad-Lp-CD)  in  a  replication-incompetent  adenoviral  vector  backbone. 
Infectivity  and  cytotoxicity  experiments  with  the  LacZ  and  CD  vectors 
suggested  that  the  L-plastin  promoter-driven  transcriptional  units  were 
expressed  at  much  higher  levels  in  explants  of  ovarian  cancer  cells  from 
patients  and  in  established  ovarian  or  bladder  cancer  cell  lines  than  they 
were  in  normal  peritoneal  mesothelial  cells  from  surgical  specimens,  in 
organ  cultures  of  normal  ovarian  cells,  or  in  the  established  CCD  minimal 
deviation  fibroblast  cell  line.  Control  experiments  showed  that  this  differ¬ 
ence  was  not  attributable  to  the  lack  of  infectivity  of  the  normal  peritoneal 
cells,  the  normal  ovarian  cells,  or  the  minimal  deviation  CCD  fibroblast 
cell  line,  because  these  cells  showed  expression  of  the  LacZ  reporter  gene 
when  exposed  to  the  replication-incompetent  adenoviral  vector  carrying 
the  cytomegalovirus  (CMV)-drlven  LacZ  gene  (Ad-CMV-LacZ).  The 
Ovcar-5  and  Skov-3  ovarian  cancer  cell  lines  exposed  to  the  Ad-Lp-CD 
adenoviral  vector  were  much  more  sensitive  to  the  prodrug  5-fluorocy- 
tosine  (5FC),  which  is  converted  from  the  5FC  prodrug  into  the  toxic 
chemical  5-fiuorouracil,  than  was  the  CCD  minimal  deviation  fibroblast 
cell  line  after  exposure  to  the  same  vector.  A  mouse  xenograft  model  was 
used  to  show  that  the  Ad-Lp-CD  vector/SFC  system  could  prevent  en- 
graftment  of  ovarian  cancer  cells  in  nude  mice.  Finally,  injection  of  the 
Ad-Lp-CD  vector  into  s.c.  tumor  nodules  generated  a  greater  reduction  of 
the  size  of  the  tumor  nodules  than  did  injection  of  the  Ad-CMV-LacZ 
vectors  into  tumor  nodules.  The  Ad-Lp-CD  vectors  were  as  suppressive  to 
tumor  growth  as  the  Ad-CMV-CD  vectors.  These  results  suggest  that  an 
adenoviral  vector  carrying  the  CD  gene  controlled  by  the  i.-plastin  pro¬ 
moter  (Ad-Lp-CD)  may  be  of  potential  value  for  the  i.p.  therapy  of 
ovarian  cancer. 


INTRODUCTION 

Adenoviral  vectors  are  currently  among  the  most  frequently  used 
vectors  in  the  gene  therapy  of  cancer  because  of  their  high  titers,  ease 
of  production,  high  infection  efficiency  for  epithelial  neoplastic  cells, 
and  the  fact  that  their  transcriptional  units  can  be  expressed  extra- 
chromosomally  in  nondividing  cells.  A  possible  disadvantage  of  this 
vector  is  that  its  broad  host  range  also  results  in  infection  of  both  the 
intended  tumor  cells  as  well  as  of  the  surrounding  normal  tissues 
(1-3).  This  limits  the  utility  of  these  vectors,  especially  when  the 
vector  gene  products  arc  designed  to  sensitize  tumor  cells  to  chemo¬ 
therapy  or  to  radiation  therapy,  because  of  the  unwanted  toxicity 
thereby  generated  in  the  normal  cells. 
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One  way  to  circumvent  this  limitation  would  be  to  use  a  tissue- 
specific  transcriptional  promoter  active  only  in  the  target  tumor  cells. 
Our  laboratory  has  constructed  adenoviral  vectors  in  which  the  l- 
plastin  promoter  is  used  to  activate  the  expression  of  therapeutic 
transgenes  in  neoplastic  but  not  in  normal  epithelial  cells.  L-plastin, 
which  belongs  to  a  family  of  genes  which  encode  actin-binding 
proteins,  was  discovered  by  Leavitt  (4)  and  his  colleagues  (5,  6).  The 
only  normal  cell  in  which  this  protein  is  detectable  is  the  mature 
leukocyte.  This  protein  has  been  demonstrated  to  be  present  in  >90% 
of  epithelial  neoplastic  cells  and  is  not  found  in  normal  epithelial  cells. 
Therefore,  the  L-plastin  promoter  may  be  of  potential  utility  in  cancer 
gene  therapy  because  it  can  be  used  to  drive  the  expression  of 
heterologous  genes  in  a  tumor-spccific  manner  in  the  context  of 
recombinant  adenoviral  vectors.  Chung  el  a!.,  in  our  laboratory,  had 
reported  previously  that  the  LacZ  gene,  when  driven  by  the  L-plastin 
promoter,  is  expressed  in  ovarian  cancer  cells,  but  not  in  normal 
mesothelial  peritoneal  cells,  obtained  at  the  time  of  surgical  resection 
of  ovarian  cancer  from  patients  (7). 

Wc  now  are  reporting  the  results  of  experiments  based  on  replica¬ 
tion-deficient  adenoviral  vectors  that  contain  either  a  LacZ  reporter 
gene  or  a  CD*  therapeutic  transcriptional  unit  regulated  by  a  2.4-kb 
fragment  of  the  L-plastin  promoter  in  bladder  and  ovarian  cancer  cell 
lines,  in  explants  of  normal  and  neoplastic  ovarian  primary  tissue  in 
organ  culture,  and  in  ovarian  cancer  established  cell  lines  in  a  nude 
mouse-human  tumor  xenograft  animal  model.  CD  is  a  bacterial  gene 
which  converts  5FC,  which  is  nontoxic  to  cell  lines  and  primary  cells, 
into  5FU,  a  compound  which  is  toxic  to  most  cells  (2,  8).  The  levels 
of  phosphorylated  5FU  generated  within  CD-positive  cells  are  suffi¬ 
ciently  high  that  even  nondividing  cells  die  because  of  disruption  of 
mRNA  processing  and  protein  synthesis. 

The  results  of  these  experiments  have  shown  that; 

(a)  the  level  of  the  L-plastin  promoter  driven  the  LacZ  heterologous 
reporter  gene  expression  is  lower  in  an  established  minimal  deviation 
fibroblast  cell  line  (CCD)  when  compared  with  a  collection  of  estab¬ 
lished  epithelial  tumor  cell  lines  derived  from  ovarian  cancer  and 
bladder  cancer; 

(b)  the  L-plastin  promoter  activates  the  LacZ  and  CD  transcriptional 
units  to  a  higher  level  in  ovarian  cancer  cells  than  in  monolayer  and 
organ  explant  cultures  of  normal  ovarian  tissue  or  of  normal  perito¬ 
neal  tissue;  and 

(c)  the  cytotoxic  effect  of  replication-incompetent  adenoviral  vec¬ 
tors  carrying  the  CD  transcriptional  unit  driven  by  the  L-plastin 
promoter  is  greater  to  ovarian  cancer  cells  exposed  in  vitro  to  5FC 
than  to  explants  of  normal  peritoneum.  In  addition,  the  suppressive 
effect  of  the  L-plastin-driven  CD  vectors  on  the  in  vivo  growth  of 
ovarian  cancer  cell  lines  is  equal  to  that  of  the  CMV-driven  CD 


J  The  abbreviations  used  arc:  C'D,  cytosine  deaminase:  5FC,  5-fluorocytosinc:  5FU. 
5-fluorouracil;  CMV,  cytomegalovirus;  NBCS,  new  bom  calf  scrum;  CAR,  coxsackic 
B  adenovirus  receptor:  pfu,  plaque-forming  units;  MOJ.  multiplicity  of  infection;  X-Gal, 
(5-bromo-4-ch!oro-3-indolyl-0-D-g3lactopyranoside;  ONPG,  O-nitrophcny-0-D-galacto- 
pyranoside. 
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vectors.  These  results  suggest  that  adenoviral  vectors  carrying  the  CD 
transcription  unit  driven  by  the  L-plastin  promoter  may  be  of  use  in  the 
i.p.  treatment  of  metastatic  ovarian  cancer. 

MATERIALS  AND  METHODS 
Cells  and  Cell  Culture 

Human  bladder  carcinoma  cell  lines  (J82  and  EJ)  were  obtained  from  Dr. 
Richard  Cote  of  the  University  of  Southern  California,  Los  Angeles.  CA.  The 
CCD  minimal  deviation  human  fibroblast  cell  line,  the  293  transformed  human 
kidney  cell  line,  and  the  Skov-3  human  ovarian  cancer  cel!  line  were  obtained 
from  American  Type  Culture  Collection.  The  Hey  cystadenocarcinoma  papil¬ 
lary  ovarian  cancer  cell  line  was  obtained  from  F.va  Sapi  of  the  Department  of 
Therapeutic  Radiology  at  Yale  University  (New  Haven.  CT).  J82,  EJ,  Hey,  and 
293  cells  were  propagated  in  DMEM  (Life  Technologies,  Inc.)  supplemented 
with  10%  heat-inactivated  NBCS  obtained  from  Hyclone  Laboratories,  Inc. 
(Logan.  UT).  The  Ovcar-5  human  epithelial  ovary  carcinoma  cell  line  was 
obtained  from  Dr.  Thomas  C.  Hamilton  of  the  Fox  Chase  Cancer  Center, 
Philadelphia,  PA.  Ovcar-5  cells  were  grown  in  RPM1  1640  (Life  Technologies, 
Inc.)  supplemented  with  10%  heat-inactivated  NBCS.  The  Skov-3  human 
ovarian  adenocarcinoma  cell  line  was  propagated  in  McCoy5A  medium  sup¬ 
plemented  with  10%  heat-inactivated  NBCS.  All  cell  cultures  were  maintained 
in  a  5%  CO,,  humidified  tissue  culture  incubator  at  37°C. 

Chemicals  and  Reagents 

5-FC,  5FU.  fluorescein  di-/3-D-galactopyranosc.  and  X-Gal  were  purchased 
from  Sigma  Chemical  Co.  The  0-GaIactosidasc  Assay  Kit  was  purchased  from 
Stratagcnc  Company.  6-'(H)5-fluorocytosinc  (4.1  Ci/mmol)  and  6-3(H)5-flu- 
orouracil  were  purchased  from  Noravck  Biochcnticals  Inc.  of  Brea,  CA. 
Monoclonal  antibodies  to  orv/33  (LM609)  and  av05  (PIF6)  integrins  were 
purchased  from  Chemi-Con  International.  A  monoclonal  antibody  to  the  CAR, 
which  binds  the  adenoviral  fibrillar  protein,  was  obtained  from  Dr.  R.  W. 
Finberg  of  the  Dana-Farber  Cancer  Institute.  Harvard  Medical  School. 
Boston,  MA. 

Construction  of  Replication-incompetent  Recombinant 
Adenoviral  Vectors 

The  Ad-CMV-CD  vector,  which  contained  the  CD  gene  controlled  by  a 
CMV  promoter  (7)  in  place  of  the  adenoviral  El  A  and  Elb  genes,  was  obtained 
from  the  laboratory  of  Dr.  Ron  Crystal  of  the  Cornell  Medical  School,  New 
York,  NY  (8. 9).  A  similar  adenoviral  vector  (Ad-CMV-LacZ)  was  engineered 
in  our  laboratory  in  which  a  0-galactosidase  transcriptional  unit  was  inserted 
into  the  Eta  and  Elb  regions  of  the  adenoviral  vector  backbone  (7).  Injae 
Chung  of  our  laboratory  truncated  the  5-kb  L-plastin  promoter  to  a  2.4-kb 
fragment,  which  extended  from  nucleotide  -2265  of  the  5'  region  of  the 
L-plastin  promoter  to  +18  bp  from  the  transcription  initiation  site  of  the 
L-pUtstin  gene  (7).  The  number  of  infectious  adenoviral  particles,  expressed  as 
plaque-forming  units  (pfu)  present  in  the  viral  stocks,  was  determined  by 
limiting  dilution  assay  of  plaque  formation  in  293  cells  exposed  to  various 
dilutions  of  the  vector  (10,  1 1). 

Analysis  of  Cellular  Receptors  on  Tumor  Cells  That  Participate  in 
Vector  Uptake 

Mouse  monoclonal  antibodies  to  the  av/33  (LM609)  integrin  and  the  av/35 
(P1F6)  integrin  and  to  the  CAR  receptors  were  used  to  detect  the  density  of  the 
human  av/33.  av/35.  and  CAR  receptors  on  the  test  cells.  The  FACS  Star  Flow 
Cytometer  (Becton  Dickinson)  in  the  Yale  Cancer  Center  FACS  Core  Labo¬ 
ratory  (New  Haven.  CT)  was  used  to  determine  the  percentage  of  cells  positive 
for  each  receptor. 

/3-Galactosidasc  Activity  Assay 

X-Gal  Staining.  Cells  were  washed  in  PBS,  trypsinized,  and  the  viable  cell 
number  determined  by  trypan  blue  exclusion  using  a  light  microscope.  Cells 
(3  x  105)  for  each  cell  line  were  infected  with  varying  ratios  of  pfu'ccll  (MOI) 
of  the  vector  in  DMEM  supplemented  with  2%  NBCS  for  90  min.  After  this. 


the  cells  were  plated  in  six-well  plates  in  complete  medium  in  duplicate 
cultures.  After  48  h  of  incubation  at  37°C  in  a  5%  C02,  humidified  tissue 
culture  incubator,  the  cells  were  fixed  with  ice-cold  2%  paraformaldehyde/ 
0.2%  glutaraldehyde  for  10  min.  The  level  of  /3-GaI-expression  cells  was  then 
assessed  by  staining  the  cultures  with  X-Gal  and  potassium-ferricyanide/ 
ferrocyanide  solution  essentially  as  described  previously  (12,  13).  The  average 
number  of  /3-Gal-expressing  (blue)  cells/well  was  determined  by  counting  five 
separate  microscopic  high-power  fields. 

/3-Galactosidase  Assay  (ONPG).  Cells  (5  X  !05)  were  infected  at  20  MOI 
with  Ad-Lp-LacZ  or  Ad-CMV-LacZ  in  2%  scrum  for  90  min.  PBS  was  used 
to  wash  the  cells,  which  were  seeded  in  six-well  plates  with  the  fresh  culture 
medium.  The  cells  were  then  incubated  for  48  h.  after  which  the  /3-galacto- 
sidase  assay  was  conducted  (/3-Galactosidase  Assay  Kit,  Stratagene).  Briefly, 
the  cells  were  washed  in  PBS  and  lysed  in  200  jil  lysis  buffer  and  the  cell 
debris  removed  by  centrifugation  for  5  min.  The  cell  lysate  was  diluted  10 
times,  and  15  pJ  of  the  cell  lysate  were  pipetted  into  a  96-well  microtiter  dish, 
145  pi  of  buffer  A-/3-mercaptoethanol  mixture  was  added  to  each  well  with 
subsequent  incubation  for  5  min  at  37°C.  Fifty  pi  of  ONPG  were  added  to  each 
well,  and  the  dish  was  incubated  at  37°C  for  25  min;  the  mixtures  turned  bright 
yellow.  The  reaction  was  terminated  by  adding  90  p)  of  stop  solution  and  the 
microtiter  dish  was  scanned  in  the  microtiter  dish  reader  scl  at  405  nm.  and  the 
absorbance  (OD)  was  determined. 

The  EfTect  of  5-FU  Released  from  CD  Vector-infected  Cells  on 
Uninfected  Cells 

To  quantify  the  effect  of  5-FU  released  from  infected  cells  on  uninfected 
cells,  different  cell  lines  were  infected  at  varying  MOI  (20  MOI,  80  MOI,  and 
160  MOI)  using  the  Ad-CMV-CD  or  Ad-Lp-CD  vectors.  The  infected  cells 
and  the  noninfected  cells  were  mixed  in  varying  ratios  to  generate  0, 5,  10,  20, 
30,  40,  50.  60,  and  100%  infected  cells  (14.  15).  Cells  were  then  seeded  in 
duplicate  in  six-well  tissue  culture  plates  and  incubated  for  24  h  with  subse¬ 
quent  incubation  with  500  pM/liter  5FC  for  5  days.  The  number  of  surviving 
cells  was  determined  using  trypan  blue  exclusion. 

Comparison  of  the  5-FU  Sensitivity  (IC,„)  of  Ovarian  Cancer  and 
Bladder  Cancer  Cell  Lines  with  CCD  (Minimal  Deviation  Fibroblast 
Ceil  Lines) 

The  concentrations  of  5FU  used  for  the  cytotoxicity  test  (IC30)  were  1 00, 50. 
10,  1,  and  0.5  pM.  After  96  h,  the  cells  were  removed  with  trypsin-F.DTA  and 
the  cell  number  calculated  using  the  Coulter  Counter  ZM  (Hialeah,  FL). 

The  Toxicity  of  Adenoviral  Vectors 

Cells  (2X105)  were  infected  w'ith  the  Ad-CMV-LacZ,  Ad-Lp-LacZ,  Ad- 
CMV-CD,  or  Ad-Lp-CD  vectors  at  MOI  of  0, 5, 20, 40.  80,  and  160  for  90  min 
and  then  seeded  in  six-well  plates  in  duplicate.  Twenty-four  h  later,  0.5  mM 
5FC  was  added  to  each  well,  and  then  the  cells  were  incubated  for  5  days.  Then 
the  cells  were  trypsinized,  and  the  surviving  cells  were  counted  using  trypan 
blue  exclusion  |16).  We  arbitrarily  assigned  a  100%  value  to  the  cells  incu¬ 
bated  at  0  MOI  and  calculated  the  percentage  of  viable  cells  in  the  cultures  to 
which  vector  had  been  added. 

Vector  Studies  in  Monolayer  Explant  Culture 

Biopsy  samples  were  cut  into  small  pieces.  These  pieces  were  then  digested 
with  collagenase  to  disaggregate  the  tissue.  To  test  the  sensitivity  of  the  patient 
samples  to  infection  and  5FC  sensitization  with  the  Ad-CMV-CD  and  Ad- 
Lp-CD  vectors,  the  cells  were  grown  in  T25  flasks  to  90%  confluence.  Then 
the  cells  were  washed  in  PBS  and  exposed  to  vector  directly  for  90  min  in  the 
flasks  containing  DMEM  supplemented  with  2%  NBCS.  Then  the  cells  were 
incubated  for  5  days  at  500  pM/liter  5FC  concentration,  and  the  cell  viability 
was  determined  by  light  microscopic  examination. 

Vector  Studies  on  Organ  Culture  of  Ovarian  Cancer  and  Normal 
Ovarian  Tissue 

Each  specimen  was  cut  into  pieces  of  approximately  1-2  mm3  and  im¬ 
mersed  in  4  ml  of  DMEM:Ham's  FI 2  medium,  which  was  supplemented  with 
10%  charcoal-stripped  scrum  (17).  Cultures  were  incubated  at  37°C  in  six-well 
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plates  on  a  shaking  platform  for  24-48  h,  after  which  the  tissues  were  exposed 
to  the  Ad-CMV-LacZ  or  Ad-LP-LacZ  viral  vectors  for  90  min  in  serum-free 
medium.  The  tissues  were  washed  with  PBS.  Then  tissues  were  incubated  for 
48  h  in  fresh  culture  medium.  The  tissues  were  then  frozen  in  OCT.  and  X-Ga] 
staining  was  used  to  measure  the  Ad-CMV-LacZ  and  Ad-LP-LacZ  expression 
on  the  section  slides. 

Studies  of  in  Vitro  Vector-infected  Ovarian  Cancer  Cell  Line  in 
Nude  Mice 

Ovcar-5  tumor  cell  lines  were  infected  in  vitro  at  100  MOI  with  either  the 
Ad-Lp-LacZ  or  Ad-Lp-CD  adenoviral  vectors  for  60  min,  washed  with  PBS, 
and  then  resuspended  in  PBS  (4x  107cells/l  ml  PBS).  Ten  female  nude  mice 
6-8  weeks  of  age  (25-28  grams  in  weight),  which  were  purchased  from  Cox, 
Inc.,  Cambridge.  MA,  were  injected  i.p.  w'ith  40  million  Ovcar-5  ovarian 
carcinoma  cells  previously  infected  at  100  MOI  with  the  Ad-Lp-LacZ  vector. 
An  additional  10  26-28-gram  mice  6-8  weeks  of  age  were  injected  i.p.  with 
Ad-Lp-CD-infected  cells.  From  the  second  day,  all  20  of  the  mice  were 
injected  once  a  day  with  5FC  at  500  mg/kg  i.p.  for  10  days.  Three  weeks  after 
tumor  cell  injection,  the  10  Ad-Lp-LacZ-injectcd  mice  and  7  of  the  Ad-LP- 
CD-injectcd  mice  were  killed  and  autopsied.  At  the  50th  day,  another  three 
Ad-LP-CD-injected  mice  were  killed  and  autopsied. 

in  other  experiments,  five  female  nude  mice  were  injected  i.p.  with  40 
million  Skov-3  cells  previously  infected  in  vitro  with  the  Ad-Lp-CD  vector  at 
80  MO).  Another  five  mice  were  injected  i.p.  with  Skov-3  cells  previously 
infected  in  vitro  at  80  MOI  with  the  Ad-Lp-LacZ  vectors.  Then  all  of  the  10 
mice  were  injected  i.p.  with  500  mg/kg  of  5FC  daily  for  10  days.  Three  weeks 
later,  the  mice  were  killed  and  autopsied  (18,  19). 

Studies  of  in  Vivo  Intratumoral  Injection  of  Adenoviral  Vectors 

HJ  cells  (5X10'')  in  PBS  were  injected  s.c.  in  25  nude  mice.  Three  weeks 
later,  the  tumor  size  (width  and  length)  was  measured,  then  the  tumor  volume 
(mnt3)  was  calculated  according  to  the  formula:  Tumor  vol¬ 
ume  =  length  x  width2/2  (20.  21).  Then,  tumor  nodules  in  eight  mice  were 
injected  with  10*  pfu  of  the  Ad-CMV-C'D  virus.  Tumor  nodules  in  an  addi¬ 
tional  eight  mice  were  injected  with  10“  pfu  of  the  Ad-Lp-CD  virus,  and  tumor 
nodules  in  another  nine  mice  were  injected  with  10“  pfu  of  the  Ad-CMV-LacZ 
virus.  After  this.  500  rngAg  of  5FC  was  injected  into  the  peritoneal  cavity  each 
day,  once  a  day,  for  5  days.  Two  weeks  later,  we  measured  the  tumor  size  again 
and  compared  the  tumor  growth  before  and  after  the  treatment  with  viral 
particles  and  5FC.  Another  20  nude  mice  were  injected  s.c.  with  5x10'' 
Ovcar-5  tumor  cells.  After  this,  the  same  vector  injections  and  5FC  treatments 
were  conducted  as  for  the  FJ  tumor  cell  in  the  nude  mice.  Autopsy  of  the  mice 
was  carried  out.  and  H&F.-stained  sections  of  the  tumor  and  the  adjacent 
tissues  were  examined  to  measure  the  toxicity  of  the  vectors. 

RESULTS 

Study  of  Factors  Affecting  Percentage  of  /3-Galactosidase- 
positive  Cells  after  Exposure  to  the  Ad-CMV-LacZ  or  Ad-Lp- 
LacZ  Vectors.  The  infectivity  of  cell  lines  by  adenoviral  vectors  has 
been  reported  to  be  dependent  on  the  presence  of  the  CAR,  which 
mediates  the  binding  of  the  vector  to  the  target  cell  (22-24),  the  level 
and  functional  state  of  both  the  avj33  and  av/35  integrin  receptors, 
which  are  important  for  endocytosis  of  the  vector,  and  the  release  of 
the  vector  from  the  endosome  (25-27).  Cell  lines  in  which  the  a\j 33 
receptors  are  low  or  functionally  inactive  may  have  low  levels  of 
expression  of  vector  transgenes,  because  the  amount  of  vector  DNA 
reaching  the  nucleus,  where  it  is  transcribed  into  mRNA,  will  be 
reduced  in  uv/3  -deficient  cell  lines  because  of  sequestration  in  the 
endosome. 

To  study  the  effect  of  these  receptors  on  the  uptake  of  the  adeno¬ 
viral  vector  into  cancer  cell  lines  and  the  subsequent  expression  of  its 
LacZ  transgene  in  target  cells,  the  Ovcar-5,  Hey,  and  Skov-3  ovarian 
cancer  cell  lines,  the  EJ.  and  J82  bladder  cancer  cel!  lines,  and  the 
C'DD  minimal  deviation  cancer  cell  line  were  exposed  to  the  Ad- 
CMV-LacZ  vector.  Then  these  cell  lines  were  studied  for  the  percent¬ 


age  of  cells  that  were  positive  for  /3-galactosidase,  We  chose  a  vector 
with  the  CMV  promoter,  because  this  promoter  is  known  to  be  active 
in  most,  if  not  all,  mammalian  cells.  Differences  in  /3-galactosidase  in 
these  cell  lines  would  therefore  be  attributable  to  differences  in 
binding  and  endocytosis  of  the  vector  or  release  of  the  vector  from  the 
post-entry  endosome.  As  shown  in  Table  1,  the  cells  of  all  of  the 
established  ovarian  and  bladder  cancer  cell  lines  studied  had  a  high 
percentage  of  cells  positive  for  the  CAR  receptor  (except  for  the  Hey 
ovarian  carcinoma  cell  line,  in  which  none  of  the  cells  were  detectable 
as  positive  for  CAR).  Among  the  established  carcinoma  cell  lines  in 
which  a  high  percentage  of  cells  were  positive  for  CAR,  all  of  the  cell 
lines  except  for  the  Ovcar-5  cell  line  had  >80%  of  the  cells  positive 
for  the  av/35  receptor.  The  percentage  of  Ovcar-5  cells  positive  for  the 
a  v  /3  5  integrin  receptor  was  57%.  The  percentage  of  cells  positive  for 
the  av/33  integrin  receptor  was  more  variable  among  the  cel!  lines. 
Only  one-half  of  the  Ovcar-5  cells  were  positive  for  the  either  of  the 
integrin  receptors. 

Not  surprisingly,  a  high  percentage  of  the  cells  of  all  of  the 
established  tumor  cell  lines  studied,  except  for  the  Hey  cell  line,  were 
detectable  as  positive  for  /3-galactosidase  after  exposure  to  the  Ad- 
CMV-LacZ  vector  (sec  Table  1 ).  This  suggests  that  cell  lines  in  which 
a  high  percentage  of  cells  are  positive  for  both  the  CAR  and  the  aV/35 
integrin  receptors  will  be  infectible  by  the  adenoviral  vectors  and 
therefore  will  score  positive  for  the  protein  product  of  a  vector 
transgene  if  the  transcriptional  promoter  driving  the  expression  of  the 
transgene  is  very  strong,  as  is  the  case  with  the  CMV  promoter. 
Surprisingly,  as  shown  in  Table  1,  although  only  30%  of  the  cells  of 
the  CCD  cell  line  are  positive  for  the  CAR  receptor  and  only  63%  of 
the  CCD  cells  were  positive  for  the  urv/33  integrin  receptors,  up  to 
70%  of  the  CCD  cells  are  positive  for  /3-galactosidase  after  exposure 
to  the  Ad-CMV-LacZ  vector.  Experiments  carried  out  previously  in 
our  laboratory  have  shown  that  the  CCD  cell  line  is  infectible  by  the 
Ad-CMV-LacZ  vector  (7).  This  suggests  that  there  may  be  a  CAR- 
independent  mechanism  of  binding  of  the  adenoviral  vector  to  the 
CCD  cells,  and  that  the  strength  of  a  transcriptional  promoter  may 
overcome  in  part  the  limitation  imposed  on  transgene  expression  by  a 
lower  level  of  the  nv/33  receptor. 

Comparison  of  Lac-Z  Gene  Expression  Levels  in  Cell  Lines 
Infected  with  Either  the  Ad-CMV-LacZ  or  the  Ad-Lp-LacZ  Vec¬ 
tors.  Another  factor  that  may  alter  the  percentage  of  cells  scoring 
positive  for  transgcnc  expression  after  exposure  to  an  adenoviral 
vector  is  the  level  of  activity  of  the  transcriptional  promoter  regulating 
the  vector  transgencs  in  these  different  cell  lines.  Because  it  had  been 
reported  that  the  i.-plastin  gene  was  detectable  in  most  tumor  cell 
tines,  but  not  in  any  normal  cells  of  the  body  except  for  the  mature 
leukocyte  (4,  6),  the  same  cell  lines  exposed  to  the  Ad-CMV-LacZ 
vector  were  also  exposed  to  an  adenoviral  vector  in  which  the  LacZ 
gene  was  regulated  by  the  i.-plastin  promoter  (Ad-Lp-LacZ). 


Table  I  Characterization  of  percentage  of  cells  positive  for  the  CAR,  av(3  3,  and  av/35 
receptors  as  measured  by  FACS  analysis  and  study  of  infectivity  of  cells  by  Ad-CMV- 
LacZ  Vector  at  20  MOI  as  measured  by  fi-gatuctosida*  e  assay  (X-Ga!) 
av/33,  «v/35,  and  CAR  receptor  levels  were  measured  by  mouse  monoclonal  antibod¬ 
ies,  and  the  FITC-conjugatcd  antimousc  antibody  was  used  to  stain  the  cells.  Then,  FACS 
analysis  was  used  to  detect  the  percentage  of  the  rcccptor-positivc  cells  («  «  2).  For 
infectivity.  cells  were  exposed  to  virus  in  serum -free  medium  for  90  min  at  20  MOI  and 
incubated  for  48  h  in  culture  medium.  Then,  cells  were  stained  by  X-Ool  analysis  (n  ~  2). 


av/33 _ av/35 _ CAR  /3-Gai 


EJ 

83-8 

82  -  5 

95  1  8 

95  -  8 

J82 

56  ±  6 

78  ±  7 

80  ±  10 

88  -  10 

Skov-3 

64  ±  6 

91  i  8 

87  i  7 

85-11 

Ovcar-5 

48  ±  7 

57-5 

88  2  10 

65-8 

Hcv 

81  ±5 

96  -  10 

0 

10-4 

CCD 

63  ±  8 

93  ±  4 

29  ±  5 

70  -  9 
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Table  2  Comparison  of  (3-gjlacfosidase  levels  in  cell  line  exposed  to  Ad-CMV-LacZ  or 
Ad-Lp-LacZ  (ONPG,  OD) 


Cells  were  exposed  in  serum-free  conditions  for  90  min  at  20  MOI.  After  4K  h  of 
incubation  in  culture  medium,  the  level  of  the  0-galacto.sidasc  (ONPG)  in  each  cell  line 
was  measured  by  optical  density,  as  outlined  in  “Materials  and  Methods"  (n  ~  2). 


Ad-CMV-LacZ 

Ad-Lp-LacZ 

Ratio  of  CMV/Lp 

EJ 

1.1  -0.2 

0.9  -  0,1 

1.2 

J82 

1.0  -  0.1 

0.4  -  0.1 

25 

Skov-3 

0.9  -0.1 

0.4  ±  0.1 

2.2 

Ovcar-5 

0.9  i  0.1 

0.4  +  0.1 

2.2 

CCD 

0  9  -  0.1 

0.1  -  0.01 

9 

To  determine  whether  the  L-plastin  promoter  was  selectively  more 
active  in  epithelial  neoplastic  (ovarian  and  bladder  cancer)  cell  lines 
than  in  minimal  deviation  fibroblast  cell  line  (CCD),  we  tested  the 
LaeZ  gene  expression  levels  in  the  Ovcar-5,  EJ,  J82,  Skov-3,  and 
CCD  cell  lines  after  exposure  to  either  the  Ad-CMV-LacZ  or  the 
Ad-Lp-LacZ  vectors.  We  then  calculated  the  ratio  of  /3-gaiactosidase 
levels  in  cells  infected  with  the  Ad-CMV-LacZ,  divided  by  the  0-ga- 
lactosidase  levels  in  cells  infected  by  the  Ad-LP-LacZ  vectors,  as  an 
index  of  the  L-plastin  promoter  strength  in  established  ovarian  or 
bladder  cancer  cell  lines  as  compared  with  the  minimal  deviation 
CCD  fibroblast  cell  line. 

As  shown  in  Table  2,  the  amount  of  /3-galactosidasc  in  the  EJ,  J82, 
Skov-3,  Ovcar-5,  and  CCD  cell  lines  after  exposure  to  the  Ad-Lp- 
LacZ  vector  was  less  than  for  the  same  cells  exposed  to  the  Ad-CMV- 
LacZ  vector.  This  suggested  that  the  Lp  promoter  was  less  strong  in 
all  of  the  cell  lines  than  the  CMV  promoter,  thereby  decreasing  the 
percentage  of  cells  that  scored  positive  for  the  vector  transgene 
protein  product  under  any  given  level  of  integrin  or  CAR  receptor 
representation  or  function.  A  comparison  of  the  amount  of  0-galac- 
tosidasc  in  each  cell  line  after  exposure  to  the  Ad-CMV-LacZ  was 
divided  by  that  for  the  Ad-Lp-LacZ  vector.  This  ratio  was  2  in  all  of 
the  established  cancer  cell  lines  except  for  the  CCD  cell  line,  in  which 
the  ratio  was  9.  One  possible  explanation  for  this  difference  was  that 
the  CCD  cell  line  supported  the  expression  of  the  Lp  promoter  to  a 
much  lesser  extent  than  the  CMV  promoter. 

The  relatively  low  LacZ  gene  expression  in  the  CCD  cell  line 
exposed  to  the  Ad-Lp-LacZ  vector  is  not  attributable  to  the  low 
infcctivity  by  the  Ad-Lp-LacZ  vector,  because,  as  shown  in  Tables  1 


and  2  and  in  a  previous  publication  from  our  laboratory'  (7),  >70%  of 
the  CCD  cells  were  positive  for  /3-galactosidase  after  exposure  of 
these  cells  to  the  Ad-CMV-LacZ  vector,  indicating  that  the  CCD  cells 
are  infectible  by  adenoviral  vectors.  The  ratio  of  /3-galactosidase 
levels  in  Ad-CMV-LacZ-infected  cells  divided  by  the  /3-galactosidase 
levels  in  Ad-Lp-LacZ-infected  cells  was  much  higher  in  CCD  than  in 
cell  lines  derived  from  bladder  cancer  and  ovarian  cancer.  These  data 
suggest  that  the  i.-p!astin  promoter  is  much  more  active  in  epithelial 
neoplastic  cell  lines  than  in  the  CCD  minimal  deviation  fibroblast  cell 
line. 

Studies  of  the  Effect  of  5FU  Released  from  Infected  Cells  on 
Noninfcctcd  Cells.  To  monitor  the  effect  of  5FU  released  from 
infected  cells  on  the  noninfected  cells,  mixtures  of  Ad-CMV-CD  or 
Ad-Lp-CD  vector-infected  and  -noninfected  cells  were  generated  and 
then  exposed  to  5FC.  The  CD  protein  converts  the  nontoxic  prodrug 
5FC  into  the  toxic  chemical  5FU.  Utiphosphorylatcd  5FU  can  be 
released  from  cells  infected  with  the  CD  vector  and  taken  up  by 
surrounding  uninfected  cells  and  can  kill  the  uninfected  cells.  This  is 
called  the  bystander  effect.  As  shown  in  Fig.  1.  when  as  few  as  5%  of 
the  population  of  Ovcar-5  cell  lines  or  the  CCD  minimum  deviation 
fibroblast  cell  line  infected  with  Ad-CMV-CD  (160  MOI)  vectors 
were  mixed  with  95%  of  uninfected  cells,  the  majority  of  the  cells 
were  killed  when  cells  were  exposed  for  5  days  to  5FC  at  a  500  jam 
concentration  (18%  Ovcar-5  and  29%  CCD  cells  survived).  This 
suggests  that  only  a  few  of  these  cells  need  to  be  infected  with  the 
Ad-CMV-CD  adenoviral  vector  to  generate  sufficient  levels  of  5FU  in 
vivo  in  static  cell  culture  to  kill  the  vast  majority  of  infected  as  well 
as  uninfected  tumor  cells.  The  high  percentage  of  cells  killed  at  low 
infcctivity  in  vitro  is  attributable  partly  to  the  fact  that  the  medium 
was  not  changed,  and  therefore  the  cells  were  exposed  continuously  to 
a  high  level  of  5FU,  which  continues  to  increase  with  time.  In  these 
conditions,  the  high  levels  of  5FU  released  from  a  few  Ad-CMV-CD 
vector-infected  cells  could  kill  all  of  the  uninfected  cells. 

When  the  cell  lines  were  infected  with  the  Ad-Lp-CD  vector, 
incomplete  cell  death  was  seen  even  at  the  highest  MOI  tested  with 
the  CCD  human  minimal  deviation  cell  line.  In  contrast,  almost  all  of 
the  cells  were  eradicated  at  the  highest  (160)  MOI  when  similar 
experiments  were  carried  out  with  the  Ad-Lp-CD  vector  in  the 
Ovcar-5  cell  line  (see  the  data  in  Fig.  1.  A  and  C,  160  MOI).  The 


Fig.  1.  Toxicity  of  vectors  at  varying  levels  of  infected  cells.  Ovcar-5  {A  and  B)  or  CCD  (Cand  D)  cell  lines  were  infected  at  varying  MOI  (20,  80.  and  160;  using  the  Ad-CMV-CD 
( B  and  O)  or  Ad-LP-CD  ( A  and  C)  adenoviral  vectors.  The  infected  cells  and  noninfected  cells  were  mixed  in  varying  ratios  to  generate  0,  5.  10,  20.  30,  40.  50,  60,  and  100%  infected 
cells.  Then  cells  were  seeded  in  six-wetl  plates  and  incubated  for  5  days  in  500  jim  5FC.  Then  the  cells  were  trypsini2cd.  and  surviving  cells  were  counted  by  trypan  blue  exclusion. 
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Fig.  2.  Study  of  the  toxicity  of  the  control  Lac-7,  vector  versus  the  CD  vector.  Cells  (2x  10’)  were  infected  at  0,  5,  20,  40.  80  and  160  MOI  of  vector  with  Ad-C'MV-CD  (/4), 
Atl-I.p-CD  (fi).  Ad-CMV-LacZ  (C).  Ad-l.p-l.ac7  (D)  vectors  for  90  min.  Then  cells  were  seeded  in  six-well  plates  in  duplicate  and  incubated  in  500  /am  5FC  for  5  days  The  percentage 
of  surviving  cells  was  counted  by  trypan  blue  exclusion. 


difference  in  the  survival  of  cells  between  the  CCD  and  Ovcar-5  cells 
when  exposed  to  the  Ad-Lp-CD  vector  and  5FC  was  statistically 
significantly  different  at  the  P  <0.001  level.  (An  analysis  of  variance 
was  used  to  determine  whether  the  percentage  of  surviving  cells  was 
statistically  significantly  different  when  the  Ad-CMV-CD  or  Ad- 
Lp-CD  vectors  were  used  to  infect  either  the  CCD  or  the  Ovcar  cell 
lines.)  This  difference  could  be  attributable  to  differences  in  the 
infcctivity  of  the  CCD  cell  line,  the  sensitivity  of  this  cell  line  to  5FU, 
or  a  difference  in  the  expression  of  the  Lp-driven  CD  transcription 
units  in  the  Ovcar-5  or  CCD  cell  lines.  As  shown  in  Fig.  ID,  when  the 
CCD  cell  line  was  exposed  to  160  MOI  of  the  Ad-CMV-CD  vector 
and  5FC,  complete  killing  of  the  CCD  cells  occurred  at  100%  infec¬ 
tion.  There  were  no  differences  between  the  cell  kill  in  the  Ovcar-5 
and  CCD  cell  lines  with  the  Ad-CMV-CD  vector  (compare  the  sur¬ 
vival  data  at  160  MOI  at  100%  infection  in  Fig.  1,  B  and  D). 
Therefore,  the  differences  seen  in  A  and  C  in  the  cell  survival  of  the 
Ovcar-5  and  CCD  cell  lines  after  exposure  to  the  Ad-Lp-CD  vector 
are  not  attributable  to  differences  between  the  CCD  and  Ovcar-5  cell 
lines  with  respect  to  infectivity  by  the  virus  or  sensitivity  to  5FU, 
because  complete  killing  is  seen  with  the  Ad-CMV-CD  vector  with 
the  CCD  cell  line. 

This  suggests  that  the  L-plastin  promoter  is  less  active  in  the  CCD 
minimal  deviation  fibroblast  cell  line  than  in  the  established  tumor 
cell  line  Ovcar-5.  The  high  levels  of  cell-killing  at  low  infectivity  that 
were  seen  in  vitro  with  the  Ad-Lp-CD  vector  will  probably  not  be 
seen  in  vivo  because  of  removal  of  the  5FU  by  blood  flow  and 
metabolic  degradation. 

5FU  Sensitivity  of  Each  Cell  Line  Expressed  as  ICSU.  It  is 
possible  that  the  low-level  cell  death  of  the  CCD  cell  line  could  be 
attributable  to  intrinsic  resistance  to  5FU  toxicity,  which  is  greater 
than  that  seen  in  the  Ovcar-5  or  other  established  cancer  cell  lines.  To 
test  this,  the  intrinsic  sensitivity  of  each  cell  line  to  5FU  was  measured 
by  seeding  3X105  cells  in  T25  flasks  in  triplicate,  which  were  incu¬ 
bated  for  96  h  at  different  5FU  concentrations.  The  ICJ0  generated  for 
5FU  in  the  J82  cell  line  is  55  /am,  for  the  EJ  cel!  line  is  30  /am,  for  the 
Ovcar-5  cell  line  is  3  /am,  for  the  Skov-3  cell  line  is  22  /am,  and  for  the 
CCD  cell  line  is  15  /am.  The  1C50  generated  for  5FU  in  the  CCD  cell 
line  (15  /am)  is  less  than  that  of  several  of  the  epithelial  neoplastic  cell 
lines  (EJ.  J82,  and  Skov-3),  suggesting  that  the  CCD  cell  line  is  as 


sensitive  to  5FU  as  the  epithelial  cancer  cell  lines.  Thus,  the  low 
sensitivity  of  the  CCD  fibroblast  cell  line  to  the  effect  of  the  Ad- 
Lp-CD  vector/5FC  treatment  is  not  attributable  to  a  high  level  of 
resistance  to  5FU,  but  rather  to  low  levels  of  the  protein  product  of  the 
transcription  units  driven  by  the  L-plastin  promoter  in  the  CCD  cell 
line. 

Study  of  5FC  Toxicity  of  the  Adenoviral  Vectors  Carrying  the 
CD  Transcription  Units.  To  test  how  much  of  the  toxicity  of  the 
Ad-Lp-CD/5FU  treatment  was  attributable  to  the  toxicity  of  the  vector 
backbone  and  how  much  was  due  to  the  protein  produced  by  the  CD 
transcription  unit,  the  cell  lines  were  infected  with  the  Ad-CMV-CD, 
Ad-CMV-LacZ,  Ad-Lp-CD,  or  Ad-Lp-LacZ  vectors  at  different  MOI. 
After  this,  the  cell  lines  were  incubated  in  medium  supplemented  with 
500  /am  5FC  for  5  days.  As  shown  in  Fig.  2,  no  significant  toxicity 
was  seen  with  any  of  the  cell  lines  when  the  backbone  vector, 
Ad-CMV-LacZ,  and  Ad-Lp-LacZ  were  used  (see  Fig.  2.  C  and  D).  In 
contrast,  when  the  cell  lines  were  exposed  to  the  Ad-Lp-CD  or  the 
Ad-CMV-CD  vectors,  nearly  100%  killing  of  the  cell  lines  after 
exposure  to  the  vector  and  to  5FC'  was  seen  in  all  cell  lines  with  both 
vectors,  with  the  exception  of  the  example  of  the  CCD  cell  line  after 
exposure  to  the  Ad-Lp-CD  vector  and  5FC.  The  cell  killing  for  CCD 
after  exposure  to  the  Ad-Lp-CD  versus  the  Ad-CMV-CD  vectors  and 
5FC  (see  Fig.  2,  A  and  B)  is  statistically  significantly  different  at  the 
P  <0.01  level  by  the  t  test.  No  statistically  significant  differences 
were  seen  in  any  of  the  established  tumor  cell  lines  with  respect  to  cell 
survival.  This  indicates  that  the  toxicity  seen  in  Fig.  2  after  exposure 
to  the  Ad-Lp-CD  or  Ad-CMV-CD  vectors  is  not  attributable  to  the 
adenoviral  backbone  but  to  the  action  of  the  CD  protein  and  5FC. 
The  <100%  cell  kill  in  the  example  of  the  CCD  after  exposure  to 
the  Ad-Lp-CD  vector  and  5FC  is  most  probably  attributable  to  the 
lower  level  of  transcriptional  activation  of  the  CD  gene  by  the  Lp 
versus  the  CMV  promoter,  as  explained  above.  Thus,  the  toxicity 
seen  in  these  experiments  was  not  attributable  to  the  viral  back¬ 
bone,  but  to  the  effect  of  the  CD  transcription  units  on  the  con¬ 
version  of  5FC  to  5FU.  In  addition,  the  5FC  toxicity  generated  by 
incubation  of  the  Ad-Lp-CD  transcription  units  in  bladder  cancer 
or  ovarian  cancer  cell  lines  is  statistically  significantly  higher  than 
that  seen  in  the  CCD  cell  line. 
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Tabic  3  Percentage  of  cells  in  explant  cultures  of  ovarian  cancer  cells  anti  normal  peritoneal  cells  which  score  positive  for  fS-giilactosiiluse  after  exposure  to  the  Acl-CMV-LacZ 

anti  the  AJ-Lp-LacZ  vectors 

Samples  of  primary  tumor,  metastatic  tumor,  and  normal  peritoneum  were  cut  into  small  pieces.  These  pieces  were  then  digested  with  collaeenase  to  produce  tissue  disaggregation, 
and  the  resulting  cells  were  cultured  in  RPMI  1640  with  10%  NBCS.  All  experiments  were  performed  at  90%  confluence.  Samples  of  ascites  sucre  divided  inis'  the  T25  flasks  directly 
and  washed  to  remove  debris  after  cell  attachment.  Cells  were  infected  in  the  flasks  for  90  min,  and  after  48  h  of  incubation,  the  positive  cells  were  measured  by  X-Cial  staining  or 
FACS. 


Ascites 

Primary  tumor 

Metastatic  tumor 

Normal  peritoneum 

Ad-CMV-Pttal 

X-Gal 

50-80% 

50-90% 

45-85% 

60-80% 

FACS 

95% 

94% 

94% 

Ad-LP-Pgal 

X-Gal 

10  35% 

15  60% 

15  45% 

1  4% 

FACS 

39% 

83% 

38% 

CMV/l.P  ratio 

FACS 

3/1 

I/I 

3/1 

20  60/1 

Percentage  of  Cells  Detectable  Positive  for  LacZ  Expression  in 
Primary  Monolayer  Cultures  of  Samples  Obtained  at  Surgery 
from  Normal  Peritoneum  and  Metastatic  Implants  of  Ovarian 
Cancer  after  Exposure  to  the  Ad-Lp-LacZ  or  Ad-CMV-LacZ 
Vectors.  Samples  of  metastatic  tumor  and  normal  peritoneum  were 
collected  from  16  ovarian  cancer  patients  undergoing  diagnostic  or 
therapeutic  laparotomy.  The  tumor  was  cut  into  small  pieces  and  then 
digested  with  collagenase  to  disaggregate  the  tissue.  The  resulting 
cells  were  then  cultured  in  RPMI  1640  supplemented  with  10% 
NBCS.  After  culture,  the  cells  were  exposed  at  a  MOl  of  20  to  the 
Ad-CMV-LacZ  or  Ad-Lp-LacZ  vectors  in  T-flasks  for  90  min.  After 
48  h  of  incubation,  the  percentage  of  /3-galactosidase-positive  cells 
was  measured  by  X-Gal  staining  or  FACS  (28).  A  ratio  of  0-galac- 
tosidase-positive  cells  with  the  two  vectors  was  generated  by  dividing 
the  percentage  of  cells  that  were  detectable  as  positive  for  /3-galacto- 
sidasc  by  FACS  after  exposure  to  the  Ad-CMV-LacZ  vector  by  the 
percentage  of  cells  detectable  as  positive  for  /3-galactosidase  by  FACS 
after  exposure  to  the  Ad-Lp-LacZ  vector.  As  shown  in  Table  3,  this 
ratio  was  at  least  20-60-fold  higher  in  the  normal  peritoneal  cells  than 
with  any  of  the  samples  derived  from  ovarian  cancer  cells.  These 
results  indicate  that  the  normal  peritoneal  cells  are  less  able  to  support 
the  expression  of  transgencs  driven  by  the  L-plastin  promoter  than  are 
the  ovarian  cancer  cells. 

Table  4  Cytotoxicity  in  monolayer  culture  of  normal  peritoneum  and  ovarian  cancer 
cells  after  expression  to  Ad-Lp-CD  and  Ad-CSfV-CD  vectors  and  5FC  (percentage  of 
cells  killed) 


In  Ad-CMV-C’13-  and  Ad-Lp-C’D-jnfcctcd  samples,  500  jim  5-FC  were  added  and 
incubated  tor  5  days,  then  the  percentage  of  cells  killed  was  estimated  by  comparing  the 
percentage  of  cells  which  had  died  in  the  infected  and  uninfected  control  flasks. 


Ad-CMV-CD 

Ad-Lp-CD 

Asdics 

98% 

85% 

Metastatic  tumor 

85% 

70% 

Primary  tumor 

90% 

75% 

Normal  peritoneum 

95% 

10% 

Cytotoxicity  after  Exposure  of  the  Monolayer  Cell  Cultures  of 
Normal  Peritoneum  and  Ovarian  Cancer  from  Surgical  Speci¬ 
mens  to  the  Ad-CMV-CD  and  Ad-Lp-CD  Vectors.  Samples  of 
primary  tumor,  metastatic  tumor,  and  normal  peritoneum  were  col¬ 
lected  from  16  ovarian  cancer  patients,  and  samples  were  prepared  by 
the  same  methods  as  described  previously.  As  shown  in  Table  4,  when 
the  cells  were  infected  with  the  CD  vectors  and  incubated  for  5  days 
in  the  presence  of  500  /xm  5FC'  in  T25  flasks,  the  majority  of  the  cells 
in  the  explant  cultures  of  primary  ovarian  cancer,  metastatic  ovarian 
cancer,  and  ovarian  cancer  in  ascites  were  killed  by  the  Ad-CMV-CD 
or  the  Ad-Lp-CD  vectors  and  5FC.  In  contrast  with  the  results  in  the 
ovarian  cancer  cells,  in  which  the  cell  death  with  the  Ad-CMV-CD 
and  Ad-Lp-CD  vectors  was  roughly  the  same,  in  the  case  of  the 
biopsies  of  normal  peritoneum,  the  cell  death  with  the  Ad-Lp-CD 
vector  was  only  one-tenth  of  that  seen  with  the  Ad-CMV-CD  vector. 
This  indicates  that  the  expression  of  the  L-plastin  promoter-driven  CD 
gene  is  much  lower  in  the  peritoneum  than  in  the  ovarian  cancer  cells. 

Studies  of  LacZ  Vectors  in  Organ  Cultures  of  Normal  Ovary. 
Samples  of  ovarian  cancer  and  normal  ovary  tissues  were  cut  into 
small  pieces  then  inoculated  in  organ  culture  for  24-  48  h  and  infected 
with  either  the  Ad-CMV-LacZ  or  the  Ad-LP-LacZ  vectors  for  90  min. 
Then  fresh  medium  was  added,  and  the  tissues  were  incubated  for  48  h 
and  then  processed  to  the  slide  sections  for  study  by  the  X-Gal 
staining  reaction.  The  organ  culture  differs  from  the  monolayer  cul¬ 
ture  in  that  the  organ  culture  is  a  three-dimensional  array  of  cells.  As 
shown  in  Fig.  3,  there  is  a  much  stronger  blue  staining  in  the  outer 
edges  of  the  cell  mass  in  the  organ  cultures  of  normal  ovarian  tissue 
with  the  Ad-CMV-LacZ  vector,  middle  panel,  than  with  the  Ad-Lp- 
LacZ  vector,  right-hand  panel.  The  results  indicate  that  the  CMV 
promoter  is  much  more  active  in  normal  ovarian  tissue  than  is  the 
L-plastin  promoter. 

Killing  Efficiency  of  Ovarian  Cancer  Tumor  Cell  Lines  by 
5FC/CD  Vector  System  in  Nude  Mice.  To  test  the  efficacy  of  the 
Ad-Lp-CD  replication  incompetent  vector  system  in  a  mouse  human 


Fig.  3  Ovarian  organ  cultures.  Normal  ovarian 
tissue  was  obtained  from  patients  undergoing  ab¬ 
dominal  surgical  procedures.  The  tissues  were  cut 
into  small  pieces  and  cultured  in  DMFM.HanTs 
FI2  medium  with  10%  charcoal-stripped  scrum. 
Twenty- four  to  forty-eight  h  later,  the  tissues  were 
infected  with  vectors  for  V0  min.  washed  with  PBS, 
and  then  incubated  for  48  h.  Then  the  tissues  were 
frozen  in  OCT  and  sectioned,  after  which  the  fro¬ 
zen  sections  were  stained  by  the  X-Gal  reaction. 
Left,  no  vector:  middle.  Ad-CMV-LacZ  vector: 
right,  Ad-Lp-LacZ  vector. 
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Tabic  5  Tumor  growth  in  animals  injected  with  adenoviral  LP  vectors  (percentage  of 
animals  found  to  be  positive  for  tumors ) 

The  SOD  mice  were  injected  with  40  million  Ovcar-5  or  Skov3  tumor  cells,  which  had 
been  infected  previously  in  vitro  with  the  Ad-Lp-LaeZ  vector  or  the  Ad-Lp-CD  vector. 
Starting  on  the  second  day,  500  mg/kg  5-FC  was  injected  each  day  for  10  days.  Animals 
were  autopsied  at  21  days  after  tumor  cell  injection,  and  the  presence  or  absence  of  tumor 
nodules  in  the  peritoneal  cavity  was  assessed. 


Ad'Lp-LacZ-infectcd 

Ad-Lp-CD-infccicd 

Ovcar-5  (100  MOl) 

10/10(100%) 

0,10(0%) 

Skov3  (KO  MOl) 

5/5  (!00%) 

0/5  (0%) 

tumor  xenograft  model,  we  first  exposed  the  Skov-3  ovarian  cancer 
cell  line  to  the  Ad-Lp-CD  vector  in  vitro  at  80  MOl  or  the  Ovcar-5 
ovarian  cancer  cell  line  to  the  Ad-Lp-CD  vector  in  vitro  at  1 00  MOl 
by  incubating  the  cells  in  the  vector  for  60  min.  Then  we  injected  40 
million  of  these  in  v/wo-infected  Ovcar-5  vector  infected  cells  into  10 
nude  mice  or  injected  the  in  vitro- infected  Skov-3  ovarian  carcinoma 
cell  line  into  5  nude  mice.  One  day  after  injecting  the  tumor  cells,  we 
initiated  daily  i.p.  injections  of  5FC  into  each  of  the  animals  to 
generate  a  daily  peak  of  i.p.  5FC  concentrations  in  the  500-/xm  range. 
We  carried  on  the  daily  i.p.  5FC  injections  for  10  days  after  the  tumor 
injection.  At  21  days  after  injection  into  the  mice,  we  killed  seven  of 
the  Ovcar-5-injccted  mice  and  all  five  of  the  Skov3-injccted  mice  and 
examined  the  peritoneal  cavity  for  tumors.  The  remaining  three 
Ovcar-5  mice  that  were  not  killed  at  21  days  were  killed  at  50  days 
after  tumor  injection.  As  shown  in  Table  5,  all  of  these  animals  were 
free  of  detectable  tumor  nodules,  either  at  the  gross  morphological 
level  or  at  the  histopathological  level. 

In  contrast,  as  shown  in  Table  5,  all  of  the  animals  injected  with  the 
Ovcar-5  in  Wf/v-infectcd  cell  lines  and  all  five  of  the  animals  injected 
with  the  Skov-3  in  vitro  tumor  cells  previously  infected  in  vitro  with 


the  control  Ad-Lp-LacZ  virus  had  detectable  signs  of  tumor  ceil 
growth,  either  at  the  gross  level  or  at  the  microscopic  level.  These  data 
show  that,  in  principal,  it  is  possible  to  prevent  engraftment  of  tumor 
cells  in  nude  mice  if  all  of  the  tumor  cells  are  infected  in  vitro  before 
i.p.  injection  of  the  cells  with  the  replication-incompetent  Ad-Lp-CD 
vector,  and  the  animals  are  injected  on  a  daily  basis  with  the  prodrug 
(5FC)  which  is  converted  into  5FU  in  the  tumor  cells. 

To  test  the  effect  of  administering  the  replication-incompetent 
Ad-Lp-CD  and  the  Ad-CMV-CD  vectors  in  vivo  to  preexisting  s.c. 
nodules,  we  also  tested  the  effect  of  intratumoral  in  vivo  injection 
of  established  tumor  nodules  with  the  LacZ  control  vector,  the 
CMV-CD  vector,  and  Lp-CD  adenoviral  vector  on  the  growth  of 
the  s.c.  tumor  nodules.  As  shown  in  Fig.  4,  the  tumors  injected  with 
the  control  Ad-CMV-LacZ  vectors  increased  3-4-fold  after  vector 
injection.  In  contrast,  the  size  of  both  the  Ovcar-5  and  the  EJ  cell 
tumor  nodules  injected  with  the  Ad-CMV-CD  or  the  Ad-Lp-CD 
vector  was  one-third  to  one-sixth  of  the  size  of  the  tumors  injected 
with  the  Ad-CMV-LacZ  vector.  The  growth  of  the  Ovcar-5  or  EJ 
cancer  cell  lines  after  exposure  to  the  Ad-CMV-LacZ  vector  was 
statistically  significantly  greater  than  the  growth  of  the  Ovcar-5  or 
EJ  cell  lines  after  exposure  to  either  the  Ad-CMV-CD  or  the 
Ad-Lp-CD  vectors,  at  the  P  <  0.001  level,  by  the  t  test  of  the  ratios 
(two-tailed).  There  was  no  statistically  significant  difference  in  the 
growth  of  the  Ovcar-5  or  the  EJ  cancer  cell  lines  exposed  to  the 
Ad-CMV-CD  versus  the  AD-Lp-CD  vectors. 

To  determine  whether  there  was  toxicity  to  the  normal  tissues,  we 
studied  histopathological  sections  of  the  tumor  nodules  and  surround¬ 
ing  normal  tissues  by  light  microscopic  examination  after  injection 
with  the  Ad-Lp-CD,  Ad-CMV-CD,  or  Ad-CMV-LacZ  vectors  after 
exposure  to  5FC.  As  seen  in  Fig.  5,  in  vivo  injection  of  the  Ad-Lp-CD 


Ad-CMV-CD  Atl-I>CD  Ad-CMV-UcZ  Ad-CMV-CD  Ad-ln-CD  Ad-CMV-LacZ 

Fig.  4.  Flfcct  of in  rim  injection  of  tumor  nodules  with  adenoviral  vectors.  Ovcar-5  (/I)  or  KJ  (B I  cells  (5XH)'')  were  injected  s.c.  into  nude  mice.  After  3  weeks,  the  tumor  nodules 
were  measured.  Then.  I  o'  pfu  of  the  Ad-CMV-CD.  1 0'  pfu  of  the  Ad-I.p-CD,  or  !  (!"  pfu  of  the  Ad-CMV-LacZ  vectors  were  injected  into  each  tumor  nodule,  and  500  mg/kg  of  5FC 
was  given  i.p.  once  a  day  for  5  days.  Seven  days  later,  the  tumor  nodules  were  measured  again.  D  shows  tumor  volume  before  viral  panicles  and  5FC  treatment;  ■  show's  the  tumor 
volume  7  days  after  exposure  lo  viral  panicles  and  5FC  treatment. 


Fig.  5.  Vector  toxicity  to  tumor  cells  and  adja¬ 
cent  tissues  Ovcar-5  cells  (5xl06)  were  injected 
s.c.  After  3  weeks.  lO"  pfu  of  Ad-Lp-CD  (right), 
10"  pfu  of  Ad-CMV-CD  (left),  or  10"  pfu  of  Ad- 
CMV-LacZ  ( middle )  vector  w  ere  injected  into  each 
tumor  nodule,  anti  500  mgkg  5FC  was  given  i.p. 
once  a  day  for  5  days.  Right  (Ad-Lp-CD),  most  of 
the  tumor  cells  arc  necrotic,  whereas  the  adjacent 
muscle  cells  have  a  normal  structure.  Left  (Ad- 
CMV-CD),  after  injection  with  the  Ad-CMV-CD 
vector,  the  tumor  cells  arc  necrotic.  Middle  (Ad- 
CMV-LacZ),  after  injection  of  the  Ad-CMV-LacZ 
vector,  neither  the  muscle  nor  the  tumor  are  ne¬ 
crotic. 


4411 


l-PLASTIN  IN  ADENOVIRUS  OK  OVARIAN  AND  BLADDER  CANCER 


vectors  into  the  tumor  nodules  generated  toxicity  to  the  tumor  cells 
(right).  In  Ad-CMV-CD  in  v/vo-injected  tumors,  the  tumor  cells 
underwent  necrosis  (left).  The  toxicity  to  the  tumor  with  the  Ad- 
Lp-CD  vectors  was  every  bit  as  extensive  in  the  tumor  as  that  seen 
with  the  Ad-CMV-CD  vector.  This  data  shows  that  the  toxic  effect  of 
the  Ad-Lp-CD  vector/5FC  system  is  as  great  as  that  generated  by  the 
Ad-CMV-CD/5FC  system,  and  the  toxic  effect  of  these  two  vectors  is 
much  greater  than  that  seen  with  the  Ad-C'MV-LacZ  vector. 

DISCUSSION 

A  major  limitation  of  the  existing  adenoviral  vectors  used  for 
cancer  gene  therapy  is  the  nonselective  toxic  action  of  these  vectors. 
Attempts  to  render  these  vectors  more  selective  for  tumor  cells  and 
less  toxic  for  normal  cells  has  involved  the  use  of  tissue-specific 
transcriptional  promoters  to  drive  the  therapeutic  transcription  units 
for  these  vectors.  One  of  the  limitations  that  have  characterized  these 
tissue-specific  promoters  is  that  the  vectors  carrying  these  tissue- 
specific  therapeutic  transcription  units  are  usually  less  robust  in  their 
antitumor  toxic  action  than  nonselective  viral  transcriptional  pro¬ 
moters. 

We  have  repotted  the  use  of  a  tumor-spccific  rather  than  a  tissue- 
specific  transcriptional  promoter  for  the  regulation  of  an  adenoviral 
therapeutic  transcription  unit.  The  L-plastin  promoter  was  chosen 
because  no  nonnal  tissue  except  for  the  mature  leukocyte  exhibits 
expression  of  the  L-plastin  gene.  In  contrast,  most  of  the  established 
cancer  cell  lines  exhibit  high  levels  of  the  expression  of  this  gene. 
Experimental  results  published  previously  by  our  laboratory  (7)  have 
shown  that  a  truncated  i.-plastin  promoter  retained  its  high  activity 
within  ovarian  cancer  cells,  whereas  it  was  relatively  inactive  in 
explants  of  normal  peritoneal  lining  mcsothclial  cells.  Tin's  data  sug¬ 
gested  that  adenoviral  vectors  carrying  therapeutic  transcription  units 
regulated  by  the  L-plastin  promoter  might  be  useful  in  treating  ovarian 
cancer. 

When  the  L-plastin  promoter  is  used  to  drive  the  expression  of  CD 
chemotherapy  sensitization  transcription  unit  in  static  cultures  in  vitro, 
only  50%  of  the  cancer  cells  need  to  be  infected  to  kill  100%  of  the 
epithelial  neoplastic  cells.  In  contrast,  the  percentage  of  cells  that  die 
in  populations  of  CCD  fibroblast  cells  is  much  lower,  never  reaching 
100%.  At  all  MOI  tested,  there  are  statistically  significantly  different 
levels  of  cell  death  generated  by  exposure  to  the  Ad-CMV-CD  versus 
the  Ad-Lp-CD  vectors  and  5FC  ( P  <  0.001),  presumably  because  of 
the  lower  levels  of  activity  of  the  L-plastin  promoter  in  the  CCD  cell 
line  (see  Fig.  1  and  2).  Control  experiments  have  shown  that  the  CCD 
cell  line  is  as  infectible  by  the  Ad-CMV-LacZ  as  are  the  epithelial 
cancer  cell  lines  (see  Table  1).  This  indicates  that  low  infectivity  is  not 
responsible  for  the  low  sensitivity  of  the  CCD  cell  line  to  the  Ad- 
Lp-CD  vector.  In  addition,  the  intrinsic  sensitivity  of  the  CCD  to  5FU 
toxicity  directly  added  to  the  culture  is  not  lower  than  that  seen  in  the 
epithelial  neoplastic  cell  lines.  Thus,  it  appears  that  the  level  of 
expression  of  the  L-pIastin-driven  genes  in  the  CCD  cell  line  is  lower 
than  that  seen  in  the  ovarian  and  bladder  cancer  cell  lines  and  this  is 
responsible  for  the  differential  effect  of  the  Ad-Lp-CD  and  Ad- 
CMV-CD  vectors  in  the  CCD  versus  the  epithelial  neoplastic  cell 
lines. 

Studies  in  primary  normal  mesothelial  cells  and  primary  cell  cul¬ 
tures  of  ovarian  cancer  cells  show  that  the  ratio  of  cytotoxicity  with 
CMV-driven  CD  adenoviral  vectors:  to  Lp-drivcn  CD  adenoviral 
vectors  is  highest  in  normal  peritoneum  (ratio  of  20-60)  as  compared 
with  3-5  times  in  ovarian  cancer  cells  in  malignant  ascites  or  in 
primary  or  metastatic  ovarian  cancer.  The  use  of  the  Ad-Lp-CD  vector 
to  infect  ovarian  cancer  cell  lines  in  vitro  before  their  injection  into  the 
i.p.  cavity  of  5FC-injected  nude  mice  results  in  a  suppression  of  the 


engraftment  of  these  ovarian  cancer  cells,  whereas  no  sign  of  sup¬ 
pression  of  tumor  growth  occurred  when  the  ovarian  cancer  cell  lines 
were  infected  with  the  Ad-Lp-LacZ  or  Ad-CMV-LacZ  control 
vectors. 

These  data  suggest  that,  in  principle,  the  L-plastin-regnlated  CD 
transcription  units  may  selectively  sensitize  ovarian  cancer  cell  lines 
to  the  effects  of  5FC  without  significantly  sensitizing  the  norma! 
peritoneal  surface  cells  to  the  effects  of  this  5FC/Vector  system. 

Many  obstacles  that  remain  to  be  overcome  are  pointed  up  by  this 
data.  The  first  is  that,  for  such  vectors  to  work  in  vivo  in  patients,  some 
method  must  be  developed  for  conferring  conditional  replication 
competency  on  these  Lp-CD  vectors  so  that  they  may  infect  100%  of 
the  tumor  cells  when  administered  to  patients  with  existing  tumor  in 
vivo. 

The  data  in  Fig.  3  shows  that  the  expression  of  the  reporter  gene  is 
seen  only  on  the  surface  of  an  organ  culture  of  cells  infected  with  a 
replication-incompetent  vector.  Therefore,  our  laboratory  is  studying, 
on  a  preclinical  level,  several  different  types  of  adenoviral  vectors  that 
exhibit  replication  competency  that  is  selective  for  the  regulatory 
environment  of  the  tumor  cell.  Our  design  is  to  use  the  L-plastin 
promoter  to  drive  the  expression  of  the  adenoviral  El  A  gene,  which  is 
necessary  for  viral  replication,  as  well  as  the  CD  chemotherapy 
sensitization  gene.  Such  vectors  may  be  useful  in  the  i.p.  therapy  of 
ovarian  cancer. 
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We  have  previously  demonstrated  that  a  truncated  form  of  the  L-p!astin  promoter  can  confer 
tumor-specific  patterns  of  expression  on  replication-incompetent  adenoviral  vector  reporter 
and  therapeutic  transcription  units.  In  this  report,  a  2.5-kb  truncated  version  of  the  L-plastin 
promoter  was  placed  5'  to  the  E1A  gene  of  a  wild-type  adenovirus.  The  vector  generated 
(Ad-Lp-EIA)  was  directly  cytotoxic  to  established  breast  and  ovarian  cancer  cell  lines  and  to 
primary  explant  cultures  derived  from  ovarian  cancer,  but  was  not  cytotoxic  to  explant  cul¬ 
tures  of  normal  mammary  epithelial  cells.  This  vector  was  not  cytotoxic  to  cell  lines  in  which 
the  L-plastin  ETA  transcription  unit  was  not  expressed,  whereas  the  same  cell  lines  were 
sensitive  to  the  cytotoxic  effect  of  a  replication-competent  adenoviral  vector  in  which  the 
cytomegalovirus  (CMV)  promoter  drove  ETA  expression.  When  the  tyrosinase 
promoter/enhancer  was  placed  S'  to  the  ETA  gene  in  the  adenoviral  backbone,  the  resulting 
vector  (Ad-Tyr-ET  A)  was  selectively  toxic  to  melanoma  cells  and  one  percent  as  toxic  to  explants 
of  ovarian  cancer  cells  as  the  Ad-Lp-ETA  vector.  Injection  of  these  vectors  (Ad-Lp-ETA  and 
Ad-Tyr-ETA)  into  nodules  derived  from  the  MCF-7  and  MDA-MB-468  human  breast  cancer  cell 
lines  and  the  TF-2  human  melanoma  cell  line,  respectively,  which  were  growing  subcutaneously 
in  severe  combined  immunodeficiency  (SCID)  mice,  induced  regression  of  these  tumors.  Such 
vectors  may  therefore  be  useful  in  cancer  treatment. 

Keywords:  adenovirus,  breast  cancer,  ovarian  cancer,  melanoma,  ETA,  L-plastin 


Introduction 

Recombinant  adenoviral  vectors  have  been  widely  used  in 
preclinical  models  for  in  vitro  and  in  vivo  gene  transfer. 
Adenoviral  vector-mediated  therapeutic  gene  expression 
has  been  achieved  in  a  broad  spectrum  of  eukaryotic  cells 
and  is  independent  of  cell  replication  [1,2],  In  addition, 
the  El  gene-deleted,  replication-defective  adenoviral  vec¬ 
tors  can  accommodate  large  DNA  inserts.  Tissue-specific 
promoters  have  been  used  to  regulate  the  expression  of 
therapeutic  transgenes  in  these  vectors  to  restrict  the  tox¬ 
icity  of  the  treatment  to  the  tissue  of  origin  of  the  cancer 
[3],  One  of  the  problems  is  the  low  percentage  of  cells  in 
a  tumor  nodule  that  eventually  becomes  infected  by  repli¬ 
cation-incompetent  adenoviral  vectors.  Tissue-specific  pro¬ 
moters  or  enhancers  have  also  been  used  to  regulate  the 
expression  of  viral  genes  that  are  necessary  to  the  replica¬ 
tion  of  adenoviral  vectors,  as  well  as  herpes  simplex 
recombinant  vectors  to  increase  the  number  of  cancer  cells 


infected  by  the  vector  [4,5].  In  this  context,  the  minimal 
promoter/enhancer  from  the  prostate-specific  antigen 
(PSA)  gene  has  been  used  to  drive  E1A  expression  and  to 
create  an  adenovirus,  designated  CN706,  that  selectively 
replicates  in  PSA-positive  cells  [4].  A  similar  strategy  using 
the  albumin  promoter  has  been  used  to  develop  a  herpes 
simplex  virus  that  selectively  replicates  in  hepatoma  cells 
[5].  Genetic  complementation  between  mutations  intro¬ 
duced  into  the  E1B  gene  of  the  adenoviral  vector  and 
mutations  in  tumor  suppressor  genes  in  the  tumor  cells 
have  been  used  to  create  adenoviral  vectors  that  are  con¬ 
ditionally  replication-competent  in  the  cancer  cells  but 
not  in  the  normal  tissues  of  the  host  [6]. 

We  have  been  studying  the  feasibility  of  using  a 
truncated  form  of  the  L-plastin  promoter  to  create  aden¬ 
oviral  vectors  that  selectively  replicate  within  tumor  cells 
and,  therefore,  are  selectively  toxic  to  these  cells.  The  plas- 
tins  constitute  a  family  of  human  actin-binding  proteins 
(isoforms)  that  are  abundantly  expressed  in  all  normal 
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513  bp-  AE3  -35935  bp 


FIG.  1.  Organization  of  conditionally  replication-competent  ade¬ 
noviral  vectors.  The  2.5-kb  L-plastin  promoter  or  the  human  tyrosi¬ 
nase  promoter  and  tissue-specific  enhancer  were  inserted  S'  to  the 
El  A  and  El  B  genes.  The  regulatory  elements  left  in  the  promoter 
in  the  adenoviral  vectors  are  identical  to  those  reported  by 
Rodriguez  et  a!.  [4],  The  viral  packaging  signal,  which  overlaps  the 
El  A  enhancer,  has  also  been  left  in  the  area  5’  to  the  El  A  tran¬ 
scription  unit.  Finally,  it  should  be  emphasized  that  both  the  El  A 
and  El  B  genes  have  been  left  in  the  vector. 


replicating  mammalian  cells.  One  isoform,  L-plastin,  is 
constitutively  expressed  at  high  levels  in  mature 
hematopoietic  cell  types  but  is  expressed  in  no  other  nor¬ 
mal  tissue.  L-Plastin  is,  however,  constitutively  synthesized 
in  most  types  of  malignant  human  cells,  suggesting  that 
its  expression  is  induced  during  tumorigenesis.  L-Plastin 
expression  is  especially  high  in  cancers  that  arise  from 
estrogen-dependent  tissues  [7-10].  To  test  the  feasibility  of 
conferring  tumor-specific  conditional  replication  compe¬ 
tency  on  the  wild-type  adenovirus,  we  have  placed  a  2.5- 
kb  truncated  form  of  the  L-plastin  promoter  (Fig.  1)  5'  to 
the  E1A  gene  (Ad-Lp-EIA).  For  comparison,  we  have  also 
placed  either  the  CMV  promter  (Ad-CMV-EIA)  or  the 
tyrosinase  promoter/enhancer  (Fig.  1)  5'  to  the  E1A  gene 
in  a  wild-type  adenovirus.  Tyrosinase,  which  is  the  prod¬ 
uct  of  the  albino  locus  and  is  a  pigment  cell-restricted 
enzyme  that  catalyzes  the  rate-limiting  step  in  melanin 
synthesis,  is  highly  expressed  in  melanoma  cells.  The 
tyrosinase  promoter/enhancer  cassette  used  for  this  pur¬ 
pose  has  been  studied  in  human  and  mouse  cells  [11-13] 
for  its  ability  to  govern  the  expression  of  heterologous 
genes  in  the  adenoviral  vector. 

The  Ad-Lp-EIA  vector  is  toxic  to  the  L-plastin-positive 
MCF-7  and  MDA-MB-468  established  human  breast  can¬ 
cer  cell  lines,  as  well  as  to  explants  of  human  ovarian  can¬ 
cer  cells  in  vitro,  but  is  not  toxic  to  explant  cultures  of  nor¬ 
mal  mammary  epithelial  cells.  When  injected 
intratumorally,  the  Ad-Lp-EIA  vector  suppresses  the 
growth  of  L-plastin-positive  breast  cancer  cells  in  severe 
combined  immunodeficiency  (SCID)  mice.  We  also 
demonstrate  that  the  vector  that  contains  the  tyrosinase 
promoter/enhancer  cassette  driving  the  El  A  gene  (Ad-Tyr- 
E1A)  suppresses  the  growth  of  the  TF-2  human  melanoma 


FIG.  2.  Analysis  of  El  A  expression  and  function.  (A)  El  A  protein  production 
in  cells  infected  with  Ad-Lp-EIA  (lanes  1-4)  and  Ad-CMV-EIA  (lanes  5-8). 
Ad5ElA  protein  expression  in  Yusac2  human  melanoma  cell  line  (lanes  1  and 
5),  TF2  human  melanoma  cell  line  (lanes  2  and  6),  MDA-MB-468  human 
breast  cancer  cell  line  (lanes  3  and  7),  and  normal  human  mammary  epithe¬ 
lial  cells  (lanes  4  and  8)  was  detected  by  western  blot  analysis.  The  molecular 
weight  of  the  E1A  protein  marker  is  46  kDa.  We  added  10  jig  of  protein  to 
each  lane.  (B)  The  replication  of  the  viral  vectors  (Ad-Lp-El  A,  Ad-Tyr-EI  A,  and 
Ad-CMV-EIA)  in  different  cell  lines  (293,  Ovcar-5,  MDA-MB-486,  TF2,  and 
Yusac2).  Cell  monolayers  (2  x  1 0s  cells/well)  in  six-well  plates  were  inoculated 
with  2  x  1 05  pfu  of  the  adenoviral  vectors.  The  determination  of  the  yield  of 
vector  (plaque  titer)  was  carried  out  72  hours  after  infection  by  the  plaque  assay 
on  293  cells  in  six-well  plates. 


cell  line  in  SCID  mice.  The  results  demonstrate  that  the  Ad- 
Lp-EIA  vector  in  which  E1A  gene  expression  is  regulated 
by  a  truncated  L-plastin  promoter  is  100  times  as  toxic  to 
ovarian  cancer  cells  as  the  Ad-Tyr-EIA  vector,  which  itself 
is  toxic  to  melanoma  cell  lines.  Our  results  also  suggested 
that  a  correlation  exists  between  the  ability  of  cancer  cell 
lines  to  support  the  expression  of  the  E1A  gene  following 
exposure  to  the  Ad-Lp-EIA  vector,  and  the  degree  of 
detachment  and  lysis  of  the  exposed  cancer  cells. 


Results 

Construction  of  Conditionally  Replication- 
Competent  Adenoviral  Vectors 

To  construct  replication-competent  adenoviral  vectors,  we 
inserted  the  2.5-kb  L-plastin  promoter  Seal  fragment  or 
the  cytomegalovirus  (CMV)  promoter  or  the  tyrosinase 
promoter/enhancer  5'  to  the  El  A  gene  of  the  wild-type 
adenovirus  (Fig.  1)  according  to  the  reported  method  [14]. 
After  adenoviral  vector  particles  were  generated  in  HEK 
293  cells,  the  vector  DNA  was  purified.  The  presence  and 
structure  of  the  promoter  in  each  adenoviral  vector  was 
confirmed  by  PCR,  by  restriction  enzyme  analysis,  and  by 
DNA  sequencing  of  the  promoter  in  the  AD5  sequence. 


A 


293  Ovc  MDA  TF2  Yusac2 
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FIC.  3.  Study  of  the  sensitivity  of  breast 
cancer  cells  to  the  cytotoxic  effect  of  the 
Ad-Lp-EIA  vector.  The  MDA-MB-468 
breast  cancer  cell  line  was  exposed  to  the 
Ad-Lp-EI  A  vector  at  an  MOI  of  100  (left) 
and  at  an  MOI  of  10  (middle).  The  cells 
in  the  right  panel  were  not  exposed  to 
vector.  The  pictures  were  taken  9  days 
after  infection. 


Western  Blot  Analysis  of  E1A  Expression 
E1A  protein  production  in  cells  infected  with  Ad-Lp-EIA 
(Fig.  2A,  lanes  1-4)  and  in  those  infected  with  Ad-CMV- 
E1A,  as  defined  in  Fig.  1,  (Fig.  2A,  lanes  5-8)  was  deter¬ 
mined  by  western  blot  analysis.  The  Ad-CMV-EIA  aden¬ 
oviral  vector  produced  considerable  E1A  protein  in  the 
Yusac2  and  TF2  human  melanoma  cell  lines  and  in  the 
MDA-MB-468  human  breast  cancer  cell  line  (Fig.  2A,  lanes 
5-7).  Although  the*Ad-Lp-ElA  produced  a  high  level  of 
E1A  protein  in  the  MDA-MB-468  established  breast  cancer 
cell  line  (Fig.  2A,  lane  3),  it  produced  a  much  lower  level 
of  expression  in  subconfluent  explant  cultures  of  normal 
human  mammary  epithelial  cells  (Fig.  2A,  lane  4).  These 
data  show  that  the  L-plastin  promoter  can  drive  the  expres¬ 
sion  of  the  E1A  gene  in  breast  cancer  cells  but  not  in 
explant  cultures  of  normal  human  mammary  epithelial 
cells,  suggesting  a  tumor-specific  pattern  of  expression. 
The  L-plastin  promoter  in  Ad-Lp-EIA  produces  a  much 
lower  level  of  E1A  expression  in  the  TF-2  human 
melanoma  cell  line  (Fig.  2A.  lane  2)  than  in  the  MDA-MB 
breast  cancer  cell  line.  This  suggests  a  tissue-specific 
pattern  of  expression  of  these  vectors  as  well.  The  fact 


vectors  in  those  cell  lines  (Fig.  2B).  The  replication  of  the 
Ad-Lp-EIA  and  Ad-CMV-EIA  vectors  is  equivalent  in  the 
MDA-MB-468  human  breast  cancer  cell  line.  The  Ad-Tyr- 
E1A  vector  can  replicate  in  the  TF2  and  Yusac2  human 
melanoma  cell  lines,  but  replicates  much  less  in  the  MDA- 
MB-468  breast  cancer  cell  line.  These  data  suggest  that  the 
replication  of  these  vectors  will  exhibit  tissue  and  tumor- 
specific  patterns,  in  agreement  with  the  E1A  expression 
data  presented  in  Fig.  2A. 

Cytolysis  Assays  in  Cell  Lines  and  Explant  Cultures  of 
Tumor  Cells  Following  Exposure  to  Viral  Vectors 
To  test  if  the  replication  of  the  Ad-Lp-EIA  and  Ad-Tyr- 
E1 A  vectors  results  in  a  direct  cytotoxic  effect,  these  vec¬ 
tors  were  analyzed  for  their  ability  to  generate  rounding 
up  and  detachment  of  established  human  cancer  cell 
lines  and  explant  cultures  of  human  tumor  cells  derived 
from  excised  ovarian  cancer  tissue  from  patients.  The 
MDA-MB-486  human  breast  cancer  cell  line,  which  has 
been  shown  in  our  laboratory  to  support  the  expression 


that  the  Ad-CMV-EIA  vector  produced  high  levels  of 
E1A  expression  in  all  of  the  cell  lines  tested  (Fig.  2A, 


Explants  of  Normal  Mammary  Epithelial  Cells 


lanes  5-8),  even  the  ones  in  which  the  Ad-Lp-EIA 
and  Ad-Tyr-EIA  vectors  produced  only  very  low  or 
undetectable  levels  of  E1A  expression,  suggests  that 
the  low  levels  of  expression  in  certain  cell  lines  fol¬ 
lowing  exposure  to  the  Ad-Lp-EIA  and  Ad-Tyr-EIA 
vectors  was  not  due  to  difficulty  in  infecting  the  tar¬ 
get  cell  lines  but  due  to  the  low  strength  of  the  pro¬ 
moters  in  these  cell  lines. 


The  replication  of  the  viral  vectors  Ad-Lp-EIA,  Ad- 
Tyr-EIA,  and  Ad-CMV-EIA  in  different  cell  lines  (293, 
Ovcar-5,  MDA-MB-486,  TF2,  and  Yusac2)  was  deter¬ 
mined  by  assaying  the  replicated  virus  yield  of  the 


FIC.  4.  Study  of  the  sensitivity  of  normal  human  mammary  epithelial  cells  (HMEC)  to 
the  cytotoxic  effect  of  the  Ad-Lp-EI  A  vector.  Normal  HMEC  cells  were  exposed  to  the 
Ad-Lp-EIA  vector  (top  left),  to  the  Ad-CMV-EIA  vector  (top  right),  and  to  wild-type 
adenovirus  (bottom)  at  an  MOI  of  10  for  9  days. 


Ad-Lp-EIA  Ad-CMV-EIA 


Wild-Type  Virus 
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FIG.  5.  Study  of  the  sensitivity  of  explant 
cultures  of  human  ovarian  cancer  cells  to 
the  cytotoxic  effect  of  the  Ad-Lp-El  A  vec¬ 
tor  9  days  after  infection.  Explant  cultures 
of  human  ovarian  cancer  cells  were 
exposed  to  the  Ad-Lp-EIA  vector  at  MOIs 
of  1  and  10  (middle  and  right,  respectively) 
or  were  not  exposed  to  the  vector  (left). 


of  genes  regulated  by  the  L-plastin  promoter  [7,15]  and 
has  been  shown  in  this  work  to  support  the  expression 
of  the  E1A  gene  when  exposed  to  the  Ad-Lp-EIA  vector 
(Fig.  2A,  lane  3),  was  used  to  test  the  lytic  effect  of  the 
Ad-Lp-EIA  vector  in  vitro.  The  MDA-MB-468  cells  were 
infected  with  Ad-Lp-EIA  at  different  MOIs.  Complete 
lysis  of  the  cells  was  observed  9  days  after  infection  at  an 
MOI  of  10  (Fig.  3  middle).  Another  breast  cancer  cell  line, 
MCF-7,  produced  the  same  result  (data  not  shown). 

Normal  human  mammary  epithelial  cells,  which 
showed  only  very  low  expression  levels  of  the  El  A  gene 
following  exposure  to  the  Ad-Lp-EIA  vector  (Fig.  2A,  lane 
4)  but  showed  E1A  expression  following  exposure  to  the 
Ad-CMV-EIA  adenoviral  vector  (Fig.  2A,  lane  8),  were 
exposed  to  the  Ad-Lp-EIA  and  the  Ad-CMV-EIA  vectors 
and  to  the  wild-type  adenovirus  at  an  MOI  of  10.  A  round¬ 
ing  up  and  lifting  off  of  the  cells  was  observed  following 
exposure  of  the  normal  human  mammary  epithelial  cells 
to  the  Ad-CMV-EIA  vector  or  to  the  wild-type  adenovirus 
after  9  days  (Fig.  4).  In  this  experiment,  no  lysis  was  seen 
following  exposure  of  the  normal  human  mammary 
epithelial  cells  to  the  Ad-Lp-EIA  vector  (Fig.  4).  Thus,  the 
results  in  Figs.  2-4  show  that  there  is  a  correlation  between 
the  expression  of  the  E1A  gene,  the  replication  of  the  vec¬ 
tor,  and  the  lysis  of  the  cell  lines  following  exposure  to  the 
Ad-Lp-EIA  vector.  These  results  suggest  that  Ad-Lp-EIA 
vector  can  replicate  only  in  cells  that  support  the  expres¬ 
sion  of  genes  regulated  by  the  L-plastin  promoter. 

To  test  for  a  direct  cytolytic  effect  of  the  Ad-Lp-EIA  vec¬ 
tor  in  human  ovarian  carcinoma  cells,  explants  of 
ovarian  cancer  cells  excised  from  patients  were  100 
cultured  as  monolayers  and  then  exposed  to  the 
Ad-Lp-El  A  vector.  At  MOIs  of  1  and  10,  a  remark¬ 
able  lytic  effect  was  observed  in  the  explant  cul¬ 
tures  of  ovarian  carcinoma  (Fig.  5).  Then,  the  effect 
of  the  Ad-Lp-EIA,  Ad-Tyr-EIA,  and  Ad-CMV-EIA  « 


FIG.  6.  Study  of  the  sensitivity  of  explant  cultures  of  ovarian  can-  £ 

cer  cells  to  adenoviral  vectors.  Monolayer  expiant  cultures  of  g  *° 

ovarian  cancer  cells  were  exposed  to  varying  MOIs  of  the  Ad-Lp-  8 

El  A  vector,  of  the  Ad-CMV-EI  A  vector,  of  the  Ad-Tyr-EIA  vec-  — 

tors,  and  of  the  replication-incompetent  Ad-CMV-LacZ  negative  <j  20 

control  vector.  The  percentage  of  cells  killed  was  measured  by 

the  MTT  assay  [1 5]  7  days  after  infection.  The  percentage  of  cells 

killed  is  calculated  as  the  ratio  of  the  absorbance  at  490  nm  in 

the  test  culture  to  that  of  the  culture  without  vector  added.  All 

data  are  the  result  of  triplicate  assays,  and  the  standard  deviation 

is  less  than  1 5%. 


vectors  and  the  negative  control  Ad-CMV-LacZ  adenoviral 
vector  on  explant  cultures  of  human  ovarian  carcinoma 
cells  from  a  patient  sample  was  tested  at  different  MOIs  (Fig. 
6).  The  difference  in  the  IC50  between  the  Ad-Lp-EIA  and 
Ad-Tyr-EIA  vectors  is  about  100-fold  (Fig.  6).  The  difference 
in  the  IC50  between  the  Ad-Lp-EIA  and  the  Ad-CMV-LacZ 
vectors  was  1000-fold.  In  addition,  the  data  show  that  the 
cytolytic  effect  of  the  Ad-Lp-EIA  vector  is  equivalent  to  that 
of  the  Ad-CMV-EIA  vector. 

When  we  infected  the  TF-2  human  melanoma  cell 
line  with  the  Ad-Lp-EIA,  Ad-Tyr-EIA,  and  Ad-CMV-EIA 
vectors,  as  well  as  with  the  wild-type  adenovirus,  the  cul¬ 
tures  exposed  to  the  Ad-CMV-EIA  and  Ad-Tyr-EIA  vec¬ 
tors,  as  well  as  the  wild-type  adenovirus  5,  showed  lytic 
effects.  In  contrast,  cultures  of  the  TF-2  human 
melanoma  cell  line  exposed  to  the  Ad-Lp-El  A  vector  did 
not  show  detectable  cytotoxicity  (Fig.  7).  These  data  show 
that  the  toxic  effect  of  the  Ad-Lp-El  A  vector  is  much 
lower  in  the  TF2  human  melanoma  cell  line  than  in  the 
ovarian  or  breast  cancer  cell  lines.  This  suggests  that  the 
L-plastin  promoter,  when  placed  5'  to  the  El  A  gene  in  the 
adenoviral  vector,  can  act  as  a  tissue-specific,  as  well  as 
tumor-specific,  promoter. 

Treatment  of  Human  Breast  Cancer  Xenograft  with 
the  Ad-Lp-EIA  Vector  and  of  Human  Melanoma 
Xenograft  with  the  Ad-Tyr-EIA  Vector 
To  evaluate  the  therapeutic  efficacy  of  the  Ad-Lp-EIA  vec¬ 
tor  in  vivo,  MCF-7  and  MDA-MB-468  human  breast  cancer 
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FIG.  7.  Cytotoxicity  of  the  aden¬ 
oviral  vectors  to  the  melanoma 
TF-2  cells  9  days  after  infection. 
Monolayers  of  the  human 
melanoma  cell  line  TF-2  were 
exposed  to  wild-type  virus  (top 
left),  the  Ad-CMV-EIA  vector 
(bottom  left),  the  Ad-Lp-EI  A  vec¬ 
tor  (top  right),  and  the  Ad-Tyr- 
E1 A  vector  (bottom  right). 


cell  lines  were  injected  subcutaneously  into  SC1D  mice, 
allowed  to  grow  into  subcutaneous  tumor  nodules  of  at 
least  50  mm3  in  size,  and  injected  three  times  with  1  x  108 
pfu  of  the  wild-type  adenovirus  (Fig.  8B),  the  Ad-Lp-EIA 
vector  (Fig.  8B),  or  the  Ad-CMV-LacZ  vector  (Fig.  8B),  once 
every  2  days.  Injection  with  the  Ad-Lp-EIA  vector  was  asso¬ 
ciated  with  inhibition  of  MCF-7  tumor  cell  growth  (Figs. 
8A  and  8B).  The  standard  deviations  about  the  mean  are 
defined  for  each  data  point  by  the  vertical  error  bars.  In  Fig. 
8B,  the  standard  deviation  about  the  mean  of  the  sizes  of 
the  tumor  nodules  in  animals  injected  intratumorally  with 
the  wild-type  adenovirus  or  the  Ad-Lp-EIA  vector  do  not 
overlap  with  the  standard  deviation  about  the  mean  of  the 
tumor  sizes  in  animals  injected  intratumorally  with  PBS  or 
with  the  Ad-CMV-LacZ  vector.  The  differences  between  the 
standard  deviation  about  the  mean  of  the  tumor  nodule 
size  following  intratumoral  injection  with  the  Ad-Lp-EIA 
vector  and  the  standard  deviation  about  the  mean  of  the 
tumor  nodule  size  following  intratumoral  injection  with 
the  Ad-CMV-LacZ  vector  or  PBS  are  statistically  significantly 
different  at  the  P  <  0.0001  level,  using  the  unpaired  f-test. 
If  one  tests  whether  the  means  of  the  sizes  of  the  tumor 
nodules  injected  with  the  Ad-Lp-EIA  vector  are  different 
from  the  means  of  the  sizes  of  the  tumor  nodules  injected 
with  the  Ad-CMV-LacZ  vector  or  PBS  using  the  upaired  f- 
test,  the  two-tailed  P  value  is  0.0152  or  0.0262,  respectively, 
which  is  considered  significant.  These  results  indicate  that 
injection  of  the  Ad-Lp-EIA  vector  can  suppress  the  growth 
of  the  MCF-7  cell  line  in  vivo.  A  similar  result  was  observed 
in  MDA-MB-468  human  breast  cancer  cell  line  xenografts 
(Fig.  8C).  However,  all  injected  cell  lines  eventually  regrew 
in  this  model. 


In  a  similar  manner,  the  human  melanoma  TF-2  cell 
line  was  injected  subcutaneously  and  allowed  to  grow  into 
a  tumor  nodule  in  SCID  mice  to  test  the  lytic  effect  of  the 
Ad-Tyr-EIA  vector  on  human  melanoma  cells  in  vivo. 
Then,  these  nodules  were  injected  intratumorally  once 
with  1  x  10R  total  particles  of  the  vectors  Ad-Tyr-EIA  (Fig. 
9),  wild-type  adenovirus  (Fig.  9),  and  Ad-CMV-LacZ  (Fig. 
9),  and  with  PBS  (Fig.  9).  The  injection  of  the  wild-type 
adenovirus  into  the  TF-2  tumor  nodules,  or  the  injection 
of  the  Ad-Tyr-EIA  vector  into  the  tumor  nodules,  resulted 
in  a  reduction  in  the  size  of  the  melanoma  tumor  nodule, 
whereas  no  reduction  in  tumor  growth  occurred  with 
injection  of  either  PBS  or  the  Ad-CMV-LacZ  vector  (Fig.  9). 
The  standard  deviations  about  the  mean  of  the  sizes  of  the 
tumor  nodules  injected  intratumorally  with  the  wild-type 
adenovirus  or  the  Ad-Tyr-EIA  vector  were  less  than  and 
did  not  overlap  with  the  standard  deviation  about  the 
mean  of  the  tumor  nodule  sizes  in  animals  injected  intra¬ 
tumorally  with  PBS  or  with  the  Ad-CMV-LacZ  vector. 
Although  the  TF-2  tumor  nodules  injected  with  the  Ad- 
Tyr-EIA  vector  appeared  to  be  growing  more  slowly  than 
the  TF-2  nodules  injected  with  PBS  or  with  the  AD-CMV- 
LacZ  vector,  the  differences  in  the  standard  deviations  of 
the  means  of  the  tumor  sizes  injected  with  Ad-Tyr-EIA 
versus  PBS  or  Ad-CMV-LacZ  were  not  statistically  signifi¬ 
cantly  different  (Rvalues  0.1178  or  0.1599,  respectively), 
as  determined  by  the  unpaired  f-test.  This  lack  of  statisti¬ 
cal  significance  may  reflect  the  wide  range  of  replicate  val¬ 
ues  in  the  PBS-  and  Ad-CMV-LacZ-injected  tumor  nodules. 
Longer  follow-up  showed  that  the  wild-type  adenovirus- 
or  Ad-Tyr-El A-vector  injected  TF-2  human  melanoma  cell 
line  eventually  regrew. 
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FIG.  8.  The  treatment  breast  cancer  xenografts  with  adenoviral  vectors. 

(A)  Photograph  of  mice  injected  intratumorally  with  either  the  Ad-Lp-EI  A 
vector  (left)  or  with  the  Ad-CMV-LacZ  vector  (right)  following  injection 
of  MCF-7  breast  cancer  cells.  (B)  The  treatment  of  MCF-7  breast  cancer 
xenografts  with  recombinant  adenovirus.  Tumor  xenografts  were  treated 
with  the  recombinant  vectors  (1  O'  pfu)  Ad-Lp-EI  A,  wild-type  adenovirus, 
and  Ad-CMV-LacZ,  and  with  PBS  buffer  by  intratumoral  injection  on  day 
0  (1  week  after  tumor  subcutaneous  incubation)  and  measured.  The  data 
represent  the  mean  of  five  replicate  animals.  The  bars  indicate  the  stan¬ 
dard  deviation  about  the  mean  of  these  values.  The  standard  deviations 
about  the  mean  (vertical  error  bars)  of  the  sizes  of  the  tumor  nodules  in 
animals  injected  with  the  negative  controls  (PBS  or  Ad-CMV-LacZ)  and 
the  test  vectors  (Ad-Lp-EIA  or  wild-type  adenovirus)  are  statistically  sig¬ 
nificantly  different  at  the  0.0001  level,  by  the  unpaired  f-test.  (C)  The  sur¬ 
vival  analysis  of  SCID  mice  with  MDA-MB-486  xenografts.  To  establish 
subcutaneous  tumor  nodules,  mice  were  inoculated  subcutaneously  in 

the  rear  flank  with  5  x  106  MDA-MB-468  cells  in  100  pi  of  PBS.  The  tumor  growth  was  assessed  by  measuring  bidimensional  perpendicular  diameters 


-  •  -  Ad-Lp-EIA 

—  Ad-Tyr-EIA 

-  A-  -Ad-CMV-Laz 
— 9 — WT-Ad5 


Each 


animal  was  injected  intratumorally  with  10’  pfu  of  the  following  viral  vectors  1  week  after  inoculation  of  the  MDA-MB-468  breast  cancer  cells:  Ad-Lp-EIA,  Ad- 
Tyr-EIA,  wild-type  adenovirus,  and  Ad-CMV-LacZ.  The  animals  were  killed  by  isoflurane  when  the  tumors  reached  a  volume  of  >  1000  mm3. 


Discussion 

The  goal  of  this  work  was  to  create  adenoviral  vectors  that 
displayed  tumor-specific  replication  competency  and  that 
were  directly  cytotoxic  to  tumor  cells.  In  these  replication- 
competent  adenoviral  vectors,  we  kept  E1A  and  E1B  intact 
because  deletion  of  the  E1B  gene  or  the  reduction  of  the 
expression  of  both  the  El  A  and  E1B  genes  through  the  use 
of  an  inducible  promoter  will  decrease  remarkably  the 


replication  of  these  vectors  [16].  In  the  vectors  described 
in  this  paper,  the  E1A  promoter  region  was  deleted,  but  the 
enhancer  that  overlaps  the  5'  end  of  the  viral  packaging 
signal  remains.  This  remaining  viral  element  may  enhance 
the  L-plastin  promoter,  because  the  L-plastin  promoter  in 
the  vectors  we  have  developed  appears  to  be  stronger  in 
the  adenoviral  vector  than  in  plasmid  expression  vectors 
(data  not  shown).  The  L-plastin  promoter  is  a  tissue-spe¬ 
cific  but  weak  promoter. 


Days 


FIG.  9.  The  treatment  of  TF-2  melanoma  tumor  xenografts 
with  recombinant  adenoviral  vectors.  The  tumor  xenografts 
were  injected  intratumorally  with  10s  pfu  of  Ad-Tyr-EIA, 
wild-type  adenovirus,  or  Ad-CMV-LacZ,  or  by  PBS  buffer,  by 
intratumoral  injection  on  day  0  (1  week  after  subcutaneous 
tumor  cell  inoculation)  and  measured  weekly.  The  data  rep¬ 
resent  the  mean  of  five  replicate  animals.  The  bars  represent 
the  standard  deviation  about  the  mean.  The  standard  devi¬ 
ations  about  the  mean  of  the  tumor  sizes  in  animals  injected 
with  either  PBS  or  Ad-CMV-LacZ  were  not  found  to  be  sta¬ 
tistically  significantly  different  with  the  standard  deviation 
about  the  mean  of  the  sizes  of  tumor  nodules  in  animals 
injected  with  the  Ad-Tyr-EIA  vector  (P=  0.1 178  or  0.1599) 
by  the  unpaired  f-test. 
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We  chose  to  compare  the  cytotoxic  action  of  replica¬ 
tion-competent  vectors,  which  contained  the  L-plastin 
promoter  5'  to  the  E1A  gene  (Ad-Lp-EIA),  with  another 
vector  that  contained  the  tyrosinase  promoter  and  tissue- 
specific  enhancer  5'  to  the  E1A  gene  (Ad-Tyr-EIA),  with  a 
vector  in  which  the  CMV  promoter  drove  the  E1A  gene 
(Ad-CMV-EIA),  and  with  the  wild-type  adenovirus.  These 
experiments  extended  previous  work  in  our  laboratory 
with  replication-incompetent  adenoviral  vectors,  which 
showed  that  a  truncated  form  of  the  L-plastin  promoter 
was  active  in  established  neoplastic  cell  lines  derived  from 
estrogen-dependent  tissues,  even  after  being  embedded  in 
the  adenoviral  backbone  [7,15]. 

We  showed  first  that  the  Lp-EIA  transcription  unit  of 
the  Ad-Lp-EIA  vector  was  expressed  in  breast  cancer  cell 
.lines  but  not  in  explant  cultures  of  normal  human  mam¬ 
mary  epithelial  cells.  We  showed  as  well  that  the  tyrosi- 
nase-ElA  transcription  unit  was  not  active  in  breast  can¬ 
cer  cell  lines.  We  then  showed  that  the  Ad-Lp-EIA  was 
cytotoxic  in  vitro  to  the  MCF-7  and  the  MDA-MB-468 
established  human  breast  cancer  cell  lines,  destroying  the 
entire  monolayer  at  an  MOI  of  10,  but  was  not  toxic  to 
normal  human  mammary  epithelial  cells  at  the  same  MOI. 
The  Ad-Lp-EIA  also  caused  lifting  up  and  rounding  up  of 
all  of  the  cells  in  explant  cultures  of  ovarian  cancer  cells 
obtained  from  surgical  specimens  when  the  vector  was 
added  at  an  MOI  of  10.  This  pattern  of  toxicity  (Figs. 
3-5),  which  mirrored  the  expression  of  the  E1A  tran¬ 
scription  unit  when  placed  under  control  of  the  L-plas¬ 
tin  promoter  (Fig.  2A),  suggests  that  the  L-plastin 
promoter  is  specifically  active  in  cancer  cells  but  not  in 
nornial  cells,  and  that  the  Ad-Lp-EIA  vector  is  selectively 
toxfc  to  cancer  cells  but  not  to  normal  cells. 

The  Ad-Tyr-EIA  vector  was  directly  cytotoxic  in  vitro 
predominantly  to  tumor  cell  lines  that  corresponded  to 
the  origin  of  the  tyrosinase  promoter  (melanoma  cells), 
whereas  they  were  much  less  toxic  to  the  breast  and  ovar¬ 
ian  cancer  cells.  The  Ad-Lp-EIA  vector  was  much  more 
toxic  to  breast  and  ovarian  cancer  cells  than  to 
melanoma  cell  lines.  Thus,  the  L-plastin-driven  E1A 
vector  was  not  only  much  more  toxic  to  cancer  cells  than 
to  noncancer  cells  of  the  same  epigenotype,  but  this 
vector  also  was  much  more  toxic  to  breast  and  ovarian 
cancer  than  to  other  types  of  nonepithelial  cancer. 

We  were  also  able  to  show  that  this  tumor-specific 
cytolytic  effect  extended  into  the  in  vivo  setting  by  inject¬ 
ing  the  vectors  into  the  subcutaneous  nodules  of  either 
breast  cancer  cells  or  melanoma  cells  in  a  SCID  mouse 
human  tumor  xenograft.  These  experiments  showed  that 
the  Ad-Lp-EIA  vector  could  transiently  suppress  the 
growth  of  the  MCF-7  or  MDA-MB-468  breast  cancer  cell 
lines  and  could  suppress  those  cells  even  after  they  had 
grown  into  an  established  tumor  nodule.  In  addition, 
the  Ad-Tyr-EIA  vector  transiently  suppressed  the  in  vivo 
growth  of  the  TF-2  melanoma  cell  line  in  the  SCID  mouse 
model.  Because  the  injection  of  the  Ad-CMV-LacZ 


control  replication-incompetent  adenoviral  vector  into 
the  subcutaneous  tumor  nodules  in  the  SCID  mice  did 
not  suppress  the  growth  of  the  tumor  nodules,  the  sup¬ 
pressive  effect  of  the  Ad-Lp-El  A  and  the  Ad-Tyr-EIA  vec¬ 
tors  was  most  likely  dependent  on  the  replication  com¬ 
petency  of  these  two  vectors,  rather  than  to  a 
consequence  of  an  immunological  reaction  to  the  vector. 
In  addition,  the  lytic  effect  of  the  Ad-Lp-EIA  vector  on 
cell  lines  in  vitro  was  equivalent  to  the  effect  of  the  Ad- 
CMV-E1A  on  the  tumor  nodules  in  the  SCID  mice. 

Thus,  these  data  suggest  that  the  Ad-Lp-EIA  vector 
may  ultimately  be  of  value  for  the  development  of 
therapeutic  vectors  for  the  treatment  of  solid  tumor 
malignancies.  However,  the  suppressive  effect  of  the  vec¬ 
tors  was  not  durable.  It  will  be  important  to  add  a 
therapeutic  transcription  unit  to  these  vectors  so  that 
their  toxic  action  on  tumor  cells  is  more  robust.  A  sec¬ 
ond  change  would  be  to  engineer  the  vector  such  that  it 
would  bind  only  to  tumor  cells  and  not  to  normal  cells. 
The  effects  of  these  changes  are  currently  under  study  in 
our  laboratory. 


Cells  and  cell  culture.  The  following  cells  were  obtained  from  the 
American  Type  Culture  Collection  (Manassas,  Virginia,  USA):  the  MCF-7 
and  MDA-MB-468  human  breast  cancer  cell  lines  and  the  293  human 
embryonic  kidney  (HEK)  cell  line.  The  Ovcar-S  human  ovarian  cancer  cell 
line  was  obtained  from  Thomas  C.  Hamilton  of  the  Fox  Chase  Cancer 
Center  (Philadelphia,  PA).  The  TF-2  and  Yusac-2  human  melanoma  cell 
lines  were  obtained  from  Ruth  Halaban  at  Yale  University  (New  Haven,  CT). 
Explants  of  normal  human  mammary  epithelial  cells  were  obtained  from 
Clonetics  (Waldersvile,  MD).  All  cells  were  cultured  in  Dulbecco's  modi¬ 
fied  Eagle’s  medium  (DMEM)  supplemented  with  10%  heat-inactivated 
fetal  bovine  serum  (FBS). 

Structure  of  the  L-plastin  and  tyrosinase  promoter  E1A  replication-com¬ 
petent  adenoviral  vectors.  A  DNA  fragment  that  contains  the  El  gene  was 
generated  from  wild-type  adenovirus  5  using  the  following  PCR  primers: 
5'-ACGCGTCGACGCGAGTAGAGTTTTCTCCTCCG-3’  and  5’-AGCTTG 
TTT AAACTCG AGGAC AGGCCTCTCAAG-3 '  (Gene Amp  XLPCR  kit,  Perkin 
Elmer).  The  5200-bp  PCR  fragment  was  digested  with  Sal  I  and  Pme  I  restric¬ 
tion  enzymes  and  then  ligated  into  the  pShuttle  plasmid  [14],  which  had 
been  cut  with  Sal  I  and  Pme  I  to  produce  a  new  shuttle  plasmid  (pADshuttle) 
which  contains  a  complete  El  gene  but  a  deleted  E1A  promoter.  The  pro¬ 
moter  fragments  were  inserted  between  the  Notl  and  Sail  sites  of  the 
pADshuttle  (Fig.  1).  The  L-plastin  Seal  promoter  was  inserted  into  pBluesdpt 
Sk+  after  it  was  excised  from  AdLpLaz  [7].  The  L-plastin  Seal  promoter  frag¬ 
ment  was  then  cut  from  the  pbluescript  Sk+  with  Notl  and  Xhol.  It  was  then 
ligated  into  the  pAD  shuttle  plasmid.  The  human  tyrosinase  promoter- 
enhancer  was  synthesized  by  PCR  from  human  Yusac-2  genome  with  three 
pairs  of  primers:  HTP1,  S'-CCGGAATTCATrCTAACCATAAGAATTAA-S’, 
and  HTP2,  S’-ACGCGTCGACGGAACTGGCTAATTGGAGTC-3’;  TE1,  5’- 
ATTTGCGGCCGCAATTCTGTCTTCGAGAACAT-3',  and  TE2,  S’-CGCG- 
GATCCATGGAAATGCTGCCTCTG-3’;  HEN1,  5’-CGCGGATCCAA1TCTTC- 
GAGAACAT-3',  and  HEN2,  S’-CCGGAATTCATGGAAATGCTGCCTCTG-3’. 
The  HTP  fragment  was  cut  with  Sail  and  EcoRI.  The  HEN  fragment  was  cut 
with  EcoRI.  The  vectors  generated  were  sequenced.  After  sequencing,  this 
Notl  and  Sa/I  fragment  was  inserted  into  the  pAD  shuttle  vector.  We  also 
synthesized  the  CMV  promoter  with  PCR  and  inserted  it  into  the  pAD 
shuttle  plasmid.  The  vector  has  the  same  regulatory  elements  left  in  the 
E1A  and  E1B  region,  including  the  vector-packaging  signal,  as  reported  by 
Rodriguez  et  al.  [4]. 
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The  replication-competent  adenoviral  vectors  under  the  control  of  the 
L-plastin,  tyrosinase,  and  CMV  promoters  were  prepared  by  standard 
homologous  recombination  techniques  using  the  pAD  shuttle  plasmids 
with  AdEasy-1  (provided  by  Tong-Chuan  He  and  Bert  Vogelstein  [14]  of  the 
Howard  Hughes  Medical  Institute,  Johns  Hopkins  Oncology  Center)  in 
BjS138.  After  cutting  with  Pad,  the  adenovirus  DNA  plasmids,  which  con¬ 
tain  different  promoters,  were  transfected  into  HEK  293  cells.  Each  recom¬ 
binant  adenoviral  vector  was  isolated  from  a  single  plaque  and  expanded 
In  HEK  293  cells.  Viral  DNA  was  treated  and  analyzed  by  PCR  to  confirm 
the  structure  of  the  El  A  promoters  in  the  virus.  The  L-plastin  promoter  was 
sequenced  to  confirm  its  structure. 

The  vector  for  experimentation  was  prepared  by  infecting  30 15-cm  tis¬ 
sue  culture  plates  of  HEK  293  cells  and  by  harvesting  the  detached  cells  after 
48  hours.  The  viral  particles  remained  associated  with  the  cells.  Cells  were 
collected  by  centrifugation  at  400#  for  5  minutes  at  4°C.  The  cells  were 
resuspended  in  10  mL  of  cold  PBS  (free  of  Ca2*  and  Mg2*),  and  were  lysed 
with  three  cycles  of  freezing  and  thawing.  The  cells  were  collected  by  cen¬ 
trifugation  at  1500#  for  10  minutes  at  4°C.  The  supernatant  was  placed  on 
a  gradient  prepared  with  equal  parts  of  cesium  chloride  in  phosphate- 
buffered  saline  (PBS;  1.45  g/mL  and  1.20  g/mL),  and  then  centrifuged  for 
3  hours  at  15,000#  at  12°C.  The  virus  band  was  removed,  rebanded  in  a 
preformed  cesium  chloride  gradient  by  ultracentrifugation  for  18  hours, 
and  dialyzed  against  cold  PBS,  pH  7.4,  containing  10  mM  MgCl2  and  10% 
glycerol.  Titers  of  purified  adenoviral  vectors  were  determined  by  spec¬ 
trophotometry  and  by  plaque  assays. 

Western  blot  analysis  of  adenovirus  E1A  protein  expression.  For  detec¬ 
tion  of  the  El  A  protein,  2  x  10'  cells  in  six-well  culture  plates  were  infected 
with  Ad-Lp-EIA  and  Ad-CMV-EIA  at  an  MOI  of  10.  Cells  were  collected 
an.|  lysed  In  cell  lysis  buffer  (50  mM  Hepes,  pH  7.5,  0.15  M  NaCl,  1  mM 
EMA,  1%  NP-40,  1  mM  PMSF,  10  mM  NaF,  10  ng/mLaprotinin,  10  ng/mL 
leupeptin,  1  mM  DTT,  and  1  mM  sodium  vanadate)  24  hours  after  viral 
infection,  Incubated  for  60  minutes  on  ice,  and  centrifuged  at  1500#  for 
10  minutes  at  4°C.  The  supernatants  were  transferred  to  Eppendorf  tubes 
and  were  kept  at  100°C  for  5  minutes.  We  added  10  (ig  of  protein  to  each 
lane  Of  the  SDS  PAGE  gel.  Protein  was  analyzed  by  immunoblotting  with 
monoclonal  antibody  against  the  wild-type  Ad5  El  A  protein.  Reactivity  was 
visualized  by  enhanced  chemiluminescence  (Amersham  Life  Sciences,  Inc., 
Arlington  Heights,  1L). 

In  vitro  viral  replication  assay.  Monolayer  cell  cultures  in  six-well  dishes 
(1  x  10*  cells/well)  were  infected  with  the  Ad-Lp-EIA,  Ad-Tyr-EIA,  and  the 
adenoviral  vector  with  the  CMV  promoter  driving  the  El  A  gene  (Ad-CMV- 
E1A),  at  an  MOI  of  10  pfu/cell.  The  virus  was  removed  2  hours  after  inoc¬ 
ulation.  The  cells  were  then  washed  twice  with  PBS  and  incubated  at  37°C 
for  72  hours.  Lysates  were  prepared  with  three  cycles  of  freezing  and  thaw¬ 
ing.  Serial  dilutions  of  the  lysates  were  titered  on  HEK  293  cells. 
Cytopathlc  effect  assays.  Cells  were  passaged  24  hours  before  infection 
with  adenoviral  vectors  at  the  Indicated  MOL  Photomicrographs  were  taken 
on  days  3,  5,  and  9  after  infection. 

In  vivo  gene  transfer  to  human  breast  cancer  xenografts  and  human 
melanoma  xenograft.  Subcutaneous  tumor  nodules  were  established  by 
subcutaneous  injection  of  5-10  x  106  MDA-MB-468,  MCF-7  breast  cancer 
cells  or  TF-2  melanoma  cells  suspended  in  0.1  ml  of  PBS  into  the  flanks  of 
female  SCID  mice  aged  5-6  weeks.  Tumor  nodules  were  allowed  to  grow 
subcutaneously  to  approximately  6-7  mm  in  diameter.  For  intratumoral 


injection  of  the  viral  vectors,  50  |xL  of  viral  particles  (10s  pfu)  suspended 
in  PBS  were  injected  using  a  25-gauge  needle.  Tumor  size  was  measured  at 
the  indicated  times  after  injection  in  their  longest  dimension  and  the 
dimension  at  90°  to  that  measurement.  Tumor  volumes  were  calculated 
using  the  following  formula:  (length  x  width2)/2.  Tumor  volumes  were 
normalized  to  100%  on  day  0  (V/V„).  Results  are  expressed  as  the  frac¬ 
tional  tumor  volume  (mean  ±  SD)  at  each  time  point  compared  with  that 
on  the  day  of  injection. 
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Prodrug  activating  transcription  unit  gene  therapy  is  one  of  several  promising  approaches  to  cancer  gene  therapy.  Combining  that 
approach  with  conditionally  replication-competent  viral  vectors  that  are  truly  tumor  specific  has  been  an  important  objective  of 
recent  work.  In  this  study,  we  report  the  construction  of  a  new  conditionally  replication-competent  bicistronic  adenoviral  vector  in 
which  the  cytosine  deaminase  (CD)  gene  and  the  El  a  gene  are  driven  by  the  L-plastin  tumor-specific  promoter  (AdLpCDIRESEIa).  A 
similar  vector  driven  by  the  CMV  promoter  has  also  been  constructed  (AdCMVCDIRESEIa)  as  a  control.  We  have  carried  out  in 
vitro  cytotoxicity  in  carcinomas  of  the  breast,  ovary  and  colon,  and  in  vivo  efficacy  studies  with  these  vectors  in  an  animal  model  of 
colon  cancer.  While  the  addition  of  the  AdLpCDIRESEIa  vector  to  established  cancer  cell  lines  showed  significant  cytotoxicity  in 
tumor  cells  derived  from  carcinomas  of  the  breast  (MCF-7),  colon  (HTB-38)  and  ovary  (Ovcar  5),  no  significant  toxicity  was  seen  in 
explant  cultures  of  normal  human  mammary  epithelial  cells  (HMEO)  exposed  to  this  vector.  The  addition  of  5-fluorocytosine  (5FC) 
significantly  increased  the  cytotoxicity  in  an  additive  fashion  of  botl^the  AdLpCDIREStl  a  and  AdCMVCDIRESEI  a  vectors  as  well  as 
that  of  the  AdLpCD  replication  incompetent  vector  to  established  tumor  cell  lines.  However,  no  significant  cytotoxicity  was 
observed  with  the  addition  of  5FC  to  explant  cultures  of  normal  human  mammary  epithelial  cells  that  had  been  exposed  to  the  L- 
plastin-driven  vectors.  Studies  with  mixtures  of  infected  and  uninfected  tumor  cell  lines  showed  that  the  established  cancer  cell 
lines  infected  with  the  AdLpCDIRESEIa  vector  generated  significant  toxicity  to  surrounding  uninfected  cells  (the  "bystander  effect") 
even  at  a  ratio  of  0.25  of  infected  cells  to  infected  +  uninfected  cells  in  the  presence  of  5FC.  The  injection  of  the  AdLpCDIRESEI  a 
vector  into  subcutaneous  deposits  of  human  tumor  nodules  in  the  nude  mice  was  potentiated  by  administering  5-FC  by 
intraperitoneal  injection.  This  treatment  resulted  in  a  decreased  tumor  size  and  a  decreased  tumor  cell  growth  rate.  The  mice  treated 
with  a  combination  of  the  AdLpCDIRESEIa  vector  intratumoral  injection  and  intraperitoneal  5FC  injections  lived  much  longer  than 
the  other  experimental  groups  exposed  to  the  viral  vector  alone  or  to  the  combination  of  the  intratumoral  AdLpCD  replication 
incompetent  vector  injections  plus  intraperitoneal  5-FC  injections.  These  encouraging  results  with  our  newly  constructed 
AdLpCDIRESEIa  vector  suggest  a  need  for  further  study  of  its  utility  in  a  preclinical  model  of  intracavitary  therapy  of  pleural  or 
peritoneal  carcinomatosis. 
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Although  only  a  small  number  of  cancer  gene  therapy 
trials  have  been  completed,  and  fewer  still  have  been 
successful,  gene  therapy  is  still  regarded  as  one  of  the 
most  exciting  new  directions  in  cancer  treatment.  Many  of 
these  trials  have  used  adenoviral  vectors  to  carry  prodrug 
activation  transcription  units  to  sensitize  the  cancer  cells 
to  chemotherapeutic  agents  and  to  reduce  side  effects  of 
therapy  on  the  normal  tissues  of  the  body.  Adenoviral 
vectors  carrying  the  Escherichia  coli  or  yeast  cytosine 
deaminase  (CD)  gene,1  which  catalyzes  the  conversion  of 
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the  relatively  harmless  drug,  5-fluorocytosine  (5FC)  into 
the  cytotoxic  agent,  5-fluorouracil  (5FU),  has  been  one  of 
the  most  frequently  used  approaches  because  the  levels  of 
5FU  that  can  be  delivered  with  this  system  can  kill  both 
dividing  as  well  as  nondividing  cells,  and  because  of  the 
incorporation  of  very  high  levels  of  5FU  into  RNA  as 
well  as  DNA.2,3  This  results  in  the  death  of  the 
nondividing  cells  because  of  the  interruption  of  protein 
synthesis. 

Adenoviral  vectors  are  among  the  most  widely  used 
vector  systems  for  the  introduction  of  genetic  elements 
into  somatic  cells  for  cancer  gene  therapy.  The  major 
limitation  of  the  adenoviral  vectors  is  the  stimulation  of  a 
vigorous  immune  response.  In  cancer  gene  therapy,  this 
may  not  always  be  a  disadvantage.  Adenoviral  vectors 
have  some  advantages  which  other  vector  systems  do  not 
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share:  transgene  expression  in  nondividing  cells,  and  the 
broad  range  of  cells  which  they  infect. 

The  ability  to  infect  normal  host  cells  as  well  as  cancer 
cells,  and  to  express  the  therapeutic  transgene  in  dividing 
as  well  as  nondividing  cells,  is  a  major  cause  of  toxicity  as 
well  as  efficacy.4'5  The  use  of  tumor  or  tissue-specific 
transcriptional  promoters  is  one  of  the  current  ap¬ 
proaches  to  solving  the  problem  of  toxicity  to  normal 
cells.6'7  Accordingly,  our  laboratory  has  constructed 
adenoviral  vectors  using  the  L-plastin  promoter,  which 
is  a  tumor-specific  promoter,  which  drives  the  expression 
of  therapeutic  transgenes  in  tumor  cells  but  not  in  normal 
cells.8-1®  Experiments  carried  out  by  Xue  Yuan  Peng  of 
our  laboratory  have  recently  shown  a  tumor-specific 
suppressive  effect  of  the  L-plastin-driven  CD  transcrip¬ 
tion  unit- carried  by  replication-deficient  adenoviral 
vectors  to  breast,  ovarian  and  bladder  cancers.9 

In  the  experiments  summarized  in  this  report,  our  goal 
was  to  study  the  use  of  a  replication  competent  adenoviral 
vector  in  which  the  L-plastin  tumor-specific  promoter  was 
driving  the  expression  of  both  the  CD  and  Ela  genes  in 
established  human  tumor  cell  lines  derived  from  carcino¬ 
mas  of  the  breast,  ovary  and  colon,  and  in  an  animal 
model  of  human  carcinoma  of  the  colon. 

Materials  and  methods 

Human  cells  lines  derived  from  carcinomas  of  the 
breast,  ovary  and  colon 

The  human  breast  cancer  cell  line  (MCF-7),  the  trans¬ 
formed  human  kidney  cell  line  (HEK293)  and  the  human 
colon  cancer  cell  line  (HTB-38)  were  purchased  from 
American  Type  Culture  Collection  (ATCC).  The  human 
epithelial  ovarian  cancer  cell  line  (Ovcar-5)  was  obtained 
from  Dr  Thomas  C  Hamilton  of  Fox  Chase  Cancer 
Center,  Philadelphia,  PA.  The  human  mammary  epithe¬ 
lial  cell  line  (HMEC)  was  purchased  from  Bio- Whittaker, 
Walkersville,  MD.  The  MCF-7,  Ovcar-5  and  HEK293 
cell  lines  were  grown  in  Dulbecco’s  Eagle’s  medium 
supplemented  with  10%  heat-inactivated  newborn  calf 
serum  (NBC)  and  HTB-38  cells  were  grown  in  McCoy’s 
5A  modified  medium  supplemented  with  10%  NBC.  The 
HMEC  cell  line  was  grown  in  a  growth  medium 
supplemented  with  hydrocortisone  (0.5/ig/mI),  insulin 
(5pg/ml),  epidermal  growth  factor  (lOng/ml)  and  bovine 
pituitary  extract  (26pg/ml).  All  the  cell  lines  were 
maintained  in  a  5%  C02,  humidified  tissue  culture 
incubator  at  37°C.  The  HTB-38  cell  line  was  tested  for 
mouse  hepatitis  virus  before  inoculating  the  mice. 

Construction  of  adenoviral  vectors  carrying  a  bicistronic 
therapeutic  transcription  unit  regulated  by  the  L-plastin 
tumor-specific  promoter 

Wild-type  adenovirus  type  5  (Ad5WT)  was  obtained  from 
the  ATCC.  A  replication-deficient  adenoviral  vector 
carrying  the  L-plastin-driven  CD  gene  (AdLpCD)  was 
previously  engineered  in  our  laboratory.8,9  In  this  current 
paper,  a  new  replication-competent  bicistronic  adenoviral 
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Figure  1  The  map  of  newly  constructed  conditionally  replication- 
competent  adenoviral  vectors.  Ela  is  transcriptionally  coupled  to  the 
cytosine  deaminase  (CD)  gene  by  an  IRES  in  both  vectors.  In  the 
AdLpCDIRESEIa  vector  (a),  the  bicistronic  transcription  unit  is 
driven  by  the  L-plastin  promoter.  In  AdCMVCDIRESEIa  vector  (b), 
the  same  transcription  unit  is  driven  by  the  CMV  promoter. 

vector  carrying  the  L-plastin-driven  CD  and  Ela  genes  in 
a  single  continuous  bi-cistronic  transcription  unit  was 
constructed.  The  CD  gene  was  synthesized  by  PCR  from 
the  pShuttleLp-CD  plasmid  using  the  primers  Xhol 
(ccgctcgagaggctaatgtcgaat)  and  Xbal  (gctctagattaccgtttg- 
taatcgat).  The  intraribosomal  entry  site  (IRES)  sequence, 
obtained  by  PCR  from  pCITE  (2  + )  with  the  primers  Spel 
(ggactagtggttattttccaccatattgccgt)  and  Sail  (acgcgtcgacgg- 
tattatcatcgtgtttttca)  was  inserted  between  the  Xbal j Spel 
and  Safi  restriction  sites.  A  2.4-kb  fragment  of  the  L- 
plastin  promoter,  truncated  by  Injae  Chung  of  our 
laboratory  from  the  5-kb  promoter  extending  from  the 
nucleotide  -2265  of  the  5'  region  of  the  L-plastin 
promoter  to  +  18  bp  from  the  transcription  initiation  site 
of  the  L-plastin  gene,8  was  inserted  between  Noll  and 
Xhol  of  pShuttle.  This  vector  is  designated  AdLpCDIRE¬ 
SEIa.  After  linearizing  the  constructed  plasmid  with 
Pmel,  it  was  cotransformed  into  the  E.  coli  strain  BJ5183 
with  pAdEasy-1  viral  DNA  plasmid  for  homologous 
recombination.  Another  bicistronic  virus  with  the  CMV 
tumor  nonspecific  promoter,  instead  of  the  L-plastin 
promoter,  was  also  constructed.  This  vector  is  designated 
AdCMVCDIRESEIa.  The  maps  of  the  newly  constructed 
replication  competent  viruses  are  shown  in  Figure  1. 
Following  the  validation  of  the  structure  of  the  recombi¬ 
nant  AdLpCDIRESEIa  and  ACMVCDIRESEla  vectors 
by  restriction  endonuclease  digestion  analysis,  the  vectors 
were  transfected  into  HEK293  cells  where  the  El  gene  is 
complemented  in  vivo.u 

The  number  of  infectious  adenoviral  particles  in  the 
stocks  of  both  AdLpCD  and  AdLpCDIRESEIa,  ex¬ 
pressed  as  plaque-forming  units  (PFU),  was  determined 
by  limiting  dilution  assay  of  plaque  formation  in  HEK293 
cells  as  described  previously.12 

Analysis  of  the  expression  of  the  CD  gene  in  the 
AdLpCDIRESEIa  vector 

The  expression  of  the  CD  gene  in  the  bicistronic 
transcription  units  of  the  AdLpCDIRESEIa  vector  was 
measured  by  extracting  RNA  from  cells  infected  with  the 
vector  and  then  the  RT-PCR  of  this  mRNA  was  used 
to  generate  cDNA  for  molecular  weight  analysis  as 
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described  previously.13  The  primers  for  this  reaction  were: 
Xhol  (ccgctcgagaggctaatgtcgaat)  and  Xba\  (gctctagat- 
taccgtttgtaatcgat),  which  come  from  the  CD  gene.  Briefly, 
the  first  strand  DNA  was  synthesized  by  using  “Super- 
script-II  reverse  transcriptase”  enzyme  at  25'"C  for  10 
minutes.  Following  the  termination  of  the  reaction  at 
95CC  for  5  minutes,  the  tubes  were  incubated  with  RNase 
H  at  37°C  for  20  minutes.  Then,  the  product  of  the  first 
strand  cDNA  was  amplified  by  using  Ready  to  go  PCR- 
beaded  tubes  (Amersham  Pharmacia  Biotech)  for  30 
cycles  of  each  which  included  a  denaturation  period  of  30 
seconds  at  9A°C  and  annealing  period  of  60  seconds  at 
54°C.  The  predicted  molecular  weight  of  the  CD  fragment 
generated  by  this  PCR  reaction  is  around  1.2  kb. 

Cytopathic  effect  of  the  vectors 

The  HTB-38,  MCF-7,  Ovcar-5  human  tumor  cell  lines 
and  the  normal  human  mammary  epithelial  cell  cultures 
were  seeded  at  a  density  of  200,000  cells/well  in  six-well 
plates.  After  24  hours,  the  cells  were  infected  at  various 
MOI  by  exposure  to  the  following  vectors:  Ad5WT, 
AdLpCD  and  AdLpCDIRESEla  and  AdCMVCDIRE- 
SEla.  Following  the  culture  of  the  infected  cells  for  an 
additional  4  days,  the  cells  were  examined  for  cytopathic 
effect  (CPE)  by  light  microscopy. 

Functional  analysis  of  the  CD  gene  in  the  adenoviral 
vector  backbone 

The  HTB-38,  MCF-7,  Ovcar-5  and  HMEC  cell  lines  were 
seeded  at  a  density  of  200,000  cells/well  in  six-well  plates. 
The  cells  were  then  exposed  to  the  AdLpCD  and 
AdLpCDIRESEla  vectors  at  the  following  MOI  (0,  0.1, 
1,  10,  30,  80).  After  24  hours,  the  cultures  were 
supplemented  with  sufficient  5-FC,  purchased  from 
Sigma  Chemical  Co.,  to  make  the  cultures  500  ^M  with 
respect  to  5FC.  Following  the  incubation  of  the  cells  for 
an  additional  4  days,  the  cells  were  trypsinized  and  the 
surviving  cells  counted  by  the  trypan  blue  exclusion  test  as 
described  previously.14  The  percentage  of  surviving 
infected  cells  was  calculated  by  taking  the  ratio  of  the 
surviving  cells  to  the  total  cells,  which  were  incubated 
without  vector  being  added  to  the  cultures. 

Bystander  effect  assay 

Following  exposure  of  the  cell  lines  to  the  vectors  under 
conditions  that  would  lead  to  infection  of  100%  of  the 
cells  (MOI  of  80  with  AdLpCD  and  AdLpCDIRESEla 
vectors),  the  infected  cell  lines  HTB-38,  MCF-7,  Ovcar-5 
and  HMEC  were  mixed  individually  with  the  correspond¬ 
ing  uninfected  cells  at  the  following  ratios  of  infected  to 
uninfected  cells:  0,  0.05,  0.25,  0.50  and  1.0.  The  seeding 
density  of  the  total  number  of  cells  was  2  x  105  cells/well 
into  six-well  plates.  After  24  hours,  sufficient  5-FC  was 
added  to  the  cultures  to  generate  a  5FC  concentration  of 
500  pM.  Following  the  incubation  of  the  cells  for  an 
additional  4  days,  the  cells  were  trypsinized  and  the 
surviving  cells  counted  with  the  trypan  blue  exclusion  test 
as  described  previously.14 


Animal  studies 

The  HTB-38  cells  (3  x  105)  suspended  in  PBS  were 
injected  s.c.  in  Balb/C  nude/nude  mice.  The  mice  were 
purchased  from  Charles  River  Laboratories,  Inc.,  Wil¬ 
mington,  DL.  After  sufficient  time  had  elapsed  to  allow 
for  the  development  of  the  tumor  nodule  to  a  size  in  the 
50  mm3  range,  the  mice  were  randomly  divided  into  five 
groups  and  108PFU  of  the  AdLpCDIRESEla  or 
AdLpCD  vectors  were  injected  intratumorally  into  seven 
mice  for  each  of  the  treatment  groups,  and  with 
phosphate-buffered  saline  (PBS)  for  the  control  group. 
Then,  500  mg/kg  of  5FC  was  injected  once  a  day  for  7 
days  intraperitoneally  into  experimental  groups  of  ani¬ 
mals  in  which  the  sensitization  of  the  infected  tumor  cells 
to  5FC  by  CD  was  to  be  studied,  and  with  equal  amounts 
of  PBS  into  animals  in  which  the  growth  of  the  tumor 
nodule  in  the  absence  of  treatment  was  to  be  studied. 
Then,  tumor  sizes  were  measured  every  6  days.  Tumor 
volumes  were  calculated  by  the  formula  “volume  = 
length  x  (width2/2)”.9 

Statistical  analysis 

Results  of  the  in  vitro  cytotoxicity  tests  were  evaluated  by 
a  nonlinear  regression  method  and  the  maximum 
cytotoxicity  of  each  o^"  the  viruses  was  compared  by  the 
Student’s  t-test.  One-way  ANOVA  (with  LSD  post  hoc 
comparisons)  apd  Mann-Whitney  tests  were  used  for  the 
comparison  of  tumor  volumes.  Tumor  growth  rates  were 
evaluated  by  regression  analysis.  Survival  analyses  were 
performed  according  to  Kaplan-Meier  method  and  the 
log-rank  test  was  used  for  survival  comparisons. 


Results 

Expression  of  the  CD  gene  in  vector-exposed  tumor  cells 
derived  from  carcinomas  of  the  breast,  ovary,  and  colon 

The  MCF-7  human  breast  cancer  cell  line,  the  Ovcar-5 
human  ovarian  cancer  cell  line,  and  the  HTB-38  human 
colon  cancer  cell  line  were  seeded  at  a  density  of  200,000 
cells/well  in  six-well  plates.  At  24  hours,  these  cells  were 
exposed  to  the  Ad5WT,  AdLpCD,  AdLpCDIRESEla 
and  AdCMVCDIRESEla  vectors.  Following  a  period  of 
incubation  of  between  12  and  16  hours,  the  cells  were 
trypsinized  and  washed  with  PBS.  Total  RNA  was  then 
isolated  from  these  cells,  and  cDNA  was  then  generated 
using  the  primers  specific  for  the  CD  coding  transcripts. 
Portions  of  the  CD  gene  were  synthesized  and  amplified 
from  the  mRNA  of  the  gene  by  RT-PCR.  The  bands 
produced  by  PCR  from  the  CD  cDNA  of  MCF-7  cells  are 
shown  in  Figure  2.  All  the  cell  lines  used  in  the  current 
study  yielded  similar  results.  The  species  shown  in 
Figure  2,  which  were  obtained  from  the  amplification  of 
the  RNA  from  the  CD  vector  cells  show  that  the  expected 
molecular  weight  for  CD  is  around  1 .2  kb.  In  contrast,  the 
expected  CD  fragments  were  not  seen  in  the  RNA  from 
the  cells  infected  by  the  control  vector.  These  data  show 
that  the  AdLpCD,  AdLpCDIRESEla  and  Ad- 
CMVCDEIRESEla  vectors  were  expressing  CD  coding 
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Figure  2  Expression  of  CD  gene  in  MCF-7  cells.  Following  a  period 
of  incubation  of  between  12  and  16  hours,  the  cells  infected  with 
AdLpCD,  AdLpCDIRESEIa  and  AdCMVCDIRESEIa  were  trypsi- 
nized  and  washed  with  PBS.  cDNA  was  then  generated  using  the 
primers  specific  for  the  CD  coding  transcripts  from  the  isolated  total 
RNA  of  infected  MCF-7  cells.  Portions  of  the  CD  gene  were 
synthesized  and  amplified  from  the  mRNA  of  the  gene  by  RT-PCR. 
The  DNA  synthesized  from  the  vectors,  the  plasmid  and  control  RNA 
along  with  DNA  markers  were  analyzed  by  electrophoresis  through 
an  1%  agarose  gel  and  ethidium  bromide  staining.  Lane  1,  X  DNA 
H/ndlll  fragments;  lane  2,  control  RNA;  lane  3,  AdLpCDIRES 
plasmid;  lane  4,  wild-type  adenovirus;  lane  5,  no  virus  infection; 
lane  6,  AdLpCD;  lane  7,  AdLpCDIRESEIa  (12  hour  infection);  lane 
8,  AdLpCDIRESela  (16  hour  infection);  lane  9,  AdCMVCDIRESEIa; 
lane  10,  1  kb  DNA  marker  (a:  with  reverse  transcriptase  (RT), 
b:  without  RT).  All  of  the  recombinant  vectors  carrying  the  CD  gene 
yielded  a  visible  CD  band,  which  is  1 .2  kb  with  RT. 

mRNA  sequences.  Our  previous  results  showed  that  the 
ratio  of  the  /J-galactosidase  levels  in  various  tumor  cell 
lines  exposed  to  AdCMVLacZ  and  AdLpLacZ  was 
around  2,  however,  it  was  9  for  CCD,  which  is  a 
minimum  deviation  cell  line.9  MCF-7  cells  have  been 
previously  reported  to  express  L-plastin  by  Chung  et  al  of 
our  laboratory.8 

Analysis  of  CPEs  generated  in  normal  mammary 
epithelial  cells  and  in  cell  lines  exposed  to  newly 
constructed  vectors 

The  CPEs  generated  by  exposure  to  the  AdSWT. 
AdCMVCDIRESEIa,  AdLpCDIRESEIa  and  AdLpCD 
vectors  were  studied  in  the  following  tumor  cell  lines: 
MCF-7,  Ovcar-5  and  HTB-38,  and  in  addition,  in 
explants  of  normal  HMEC  at  varying  MOI.  The 
replication-competent  vectors  (AdWT,  AdLpCMVCD- 
IRESEla  and  AdLpCDIRESEIa)  produced  a  strong 


CPE  following  4  days  of  infection  in  tumor  cells  (data  not 
shown).  The  wild-type  adenovirus  (AdWT)  and  the 
CMV-driven  bicistronic  vectors  (AdCMVCDIRESEIa) 
produced  a  strong  CPE  on  HMEC,  whereas  the  L-plastin- 
driven  vectors:  both  the  replication-competent  Ad¬ 
LpCDIRESEIa  vector  at  80  MOI,  and  the  replication- 
incompetent  AdLpCD  vector  at  80  MOI  generated  little 
or  no  CPE  in  HMEC  (data  not  shown).  In  a  very  recent 
study,  we  have  reported  that  adenoviral  vectors  carrying 
L-plastin-driven  Ela  caused  significant  CPE  in  various 
tumor  cell  lines  but  not  in  HMEC  line.10  These  studies8-10 
showed  that  the  L-plastin  promoter  was  tumor  specific  in 
promoting  the  CD  and  Ela  gene  expression  in  tumor  cell 
lines  derived  from  carcinomas  of  the  breast,  ovary  and 
colon  and  in  the  generation  of  a  cytopathic  effect. 

Analysis  of  cytotoxicity  generated  in  vitro  by  vectors  at 
different  MOI  in  tumor  cell  lines  derived  from 
carcinomas  of  the  breast,  ovary  and  colon 

In  this  study,  in  vitro  cytotoxicity  tests  were  carried  out 
with  both  replication-competent  and  -incompetent  L- 
plastin-driven  vectors.  As  shown  in  Figure  3,  exposure  of 
human  tumor  cell  lines  to  the  replication  competent 
AdLpCDIRESEIa  vector  generated  a  significant  cyto¬ 
toxic  effect  starting  at  an  MOI  of  1 .  The  cytotoxic  effect 
was  characterized  by  rounding  up  and  lifting  off  of  the 
cell  monolayer.  The  maximum  predicted  cytotoxic  effect 
of  the  replication-competent  AdLpCDIRESEIa  vector 
(without  5FC  treatment)  was  seen  at  an  MOI  of  80.  The 
percentage  of  cells  killed  in  the  MCF-7  human  breast 
cancer  cell  line  and  in  the  HTB-38  human  colon  cancer 
cell  line  at  a  MOI  of  80  (70.9  and  66. 1  %)  was  greater  than 
that  seen  in  the  Ovcar-5  cell  line  (46.5%).  This  may  be 
because  of  the  lower  percentage  of  cells  which  are  positive 
for  the  receptor  needed  for  infection  by  the  adenoviral 
vector  in  the  Ovcar-5  cell  line  as  compared  with  the  other 
cell  lines.9 

In  contrast,  the  maximum  cytotoxic  effect  of  the 
AdLpCD  replication-incompetent  vector  at  an  MOI  of 
80  without  5FC  treatment  was  19.3%  in  MCF-7,  21.6% 
in  HTB-38  and  16.1%  in  Ovcar-5  cells  (see  Fig  3).  The 
cytotoxic  effect  of  the  replication-competent  vector  was 
significantly  higher  than  that  of  the  replication-incompe¬ 
tent  vector  in  all  studied  tumor  cell  lines  (Pc.0001).  In 
contrast  to  the  experience  with  the  tumor  cell  lines,  the 
percentage  of  the  HMEC  cells  exposed  to  vectors  at  an 
MOI  of  80  which  were  dead  was  less  than  20%  after  5 
days  of  the  infection  for  both  replication-competent  and 
replication-incompetent  vectors  when  they  were  driven  by 
the  L-plastin  promoter. 

The  maximum  predicted  cytotoxicity  after  addition  of 
5-FC  to  the  AdLpCDIRESEIa  vector  infected  cells  was 
91.3%  in  MCF-7,  94.9%  in  HTB-38  and  87.3%  in  Ovcar- 
5  cells.  Thus,  addition  of  5-FC  following  exposure  of 
tumor  cell  lines  to  the  replication-competent  vector 
AdLpCDIRESEIa  significantly  increased  the  cytotoxicity 
in  all  tumor  cells  (Pc.OOl,  <.01  and  <.0001,  respec¬ 
tively).  The  addition  of  5-FC,  also  caused  significantly 
more  cell  death  in  the  MCF-7  breast  cancer  cell  line,  in  the 
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Figure  3  Results  of  an  in  vitro  cytotoxicity  test.  The  tumor  cel!  lines  (a:  MCF-7  cells;  b:  HTB-38  cells;  c:  Ovcar-5  cells),  and  explants  of  normal 
human  mammary  epithelial  cells  (d)  were  seeded  in  duplicate  at  a  density  of  200,000  cells/well  in  a  six-well  plate.  They  were  then  infected  at  0, 
0.1, 1, 10, 30,  80  MOI  with  AdLpCDIRESEIa  and  AdLpCD  (-■-).  Another  set  of  the  above  experiments  were  set-tip  in  duplicate  and 

following  infection  with  the  same  vectors  were  incubated  at  500 pM  5FC  for  4  days  (AdLpCDIRESE1a+5FC  (-O-);  AdLpCD+5FC  (-A-).  The 
percentage  of  surviving  cells  was  counted  by  trypan  blue  exclusion  (markers  represent  observed  data  and  lines  represent  the  predicted  result). 


HTB-38  colon  cancer  cell  line,  and  in  the  Ovcar-5  ovarian 
cancer  cell  line  infected  with  replicating-incompetent 
vector  when  compared  to  vector  alone  (58.6%  Fc.OOOl, 
57.0%  .Pc. 01  and  67.7%  Pc. 001,  respectively).  The 
cytolytic  effect  of  replication-competent  vector  alone 
appears  to  be  additive  when  combined  with  5-FC  (see 
Fig  3).  The  change  in  the  maximum  predicted  cytotoxicity 
of  the  vector  in  HMEC  cell  line  after  addition  of  5-FC 
was  not  significant  for  both  replication-competent  vector: 
13.8  versus  19.2%,  P>.05  and  for  replication  incompe¬ 
tent  vector:  7.4  versus  11.1%,  P>.05.  These  data  show 
that  the  AdLpCDIRESEIa  vector  is  tumor  specific  in  its 
CPE  and  that  the  addition  of  5FC  to  the  cells  exposed  to 
the  replication-competent  vectors  increased  the  CPE.  In 
addition,  the  two  therapeutic  transcription  units  (CD  and 
Ela)  together  appear  to  be  additive  in  the  effect  of  vectors 
on  tumor  cells. 

Analysis  of  the  effect  of  infected  cells  on  uninfected 
cells  (the  " bystander  effect") 

To  evaluate  the  effect  of  5-FU  generated  in  and  released 
from  the  CD  vector-infected  cells  on  the  uninfected  cells, 


we  generated  mixtures  of  the  cells  infected  with  the 
AdLpCDIRESEIa  and  AdLpCD  vectors  under  condi¬ 
tions  that  led  to  infection  of  100%  of  the  cells,  with 
uninfected  cells  at  the  following  ratios  of  infected  to  the 
uninfected  +  infected  cells:  0,  0.05,  0.1,  0.25,  0.50  and  1.0. 
The  mixtures  were  plated  in  six-well  plates  and  then 
exposed  to  5-FC  at  500  pM.  The  effect  of  the  5-FU 
released  from  the  infected  cells  on  the  vector  noninfected 
cells  was  seen  easily  at  a  ratio  of  infected  to  noninfected 
+  infected  cells  of  0.25  (see  Fig  4).  More  than  half  of  the 
cells  were  dead  even  when  the  ratio  of  infected  cells  was 
less  than  25%.  The  significant  by-stander  effect  augments 
the  direct  cytolytic  effect  of  the  bicistronic  replication 
competent  vector.  In  addition,  the  replication-competent 
AdLpCDIRESEIa  vector  with  the  L-plastin  bicistronic 
transcription  unit  was  more  toxic  than  the  replication- 
incompetent  AdLpCD  vector.  Thus,  the  addition  of  the 
Ela  transcription  unit  to  that  of  the  CD  vectors  appeared 
to  increase  the  cytotoxic  effect  of  the  vector  on  tumor  cell 
lines  derived  from  carcinomas  of  the  breast,  ovary  and 
colon.  Finally,  all  of  the  effects  of  the  vectors  appeared  to 
be  tumor  specific  when  the  L-plastin  promoter  was  used 
to  drive  the  therapeutic  transcription  units,  on  the  basis  of 
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Figure /  Results  of  by-stander  effect  assay.  The  MCF-7  (a),  the  HTB-38  (b),  the  Ovcar-5  (c)  and  the  HMEC  (d)  cell  lines  were  infected  at  an 
MC)I  of  80  with  the  AdLpCDRESEIa  and  AdLpCD  vectors.  The  infected  ceils  were  mixed  with  uninfected  ones  in  varying  ratios  of  0,  5, 10,  25,  50 
and  100%.  Then  to  test  the  cytotoxicity  of  released  5-FU  from  the  infected  cells,  the  mixture  of  cells  were  seeded  in  duplicate  in  six-well  plates 
and  incubated  in  500 pM  5FC  for  4  days.  The  percentage  of  surviving  cells  with  AdLpCDIRESE1a+5FC  (-A-);  AdLpCD+5FC  (-O-)  plates  was 
counted  by  trypan  blue  exclusion  (markers  represent  the  observed  data  and  the  lines  represent  the  predicted  results). 
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the  comparison  of  the  effect  on  normal  mammary 
epithelial  cells  as  compared  to  the  effect  on  established 
human  breast  cancer  cell  lines. 

Efficacy  of  the  AdLpCDIRESEI a  replication-competent 
vector  in  an  in  vivo  model 

The  efficacy  of  replication-competent  and  replication- 
incompetent  vector/5-FC  systems  was  tested  in  nude  mice 
bearing  subcutaneous  tumor  nodules  of  the  HTB-38 
human  colonic  cancer  cell  line.  On  the  8th  day  following 
injection  of  HTB-38  cells,  the  tumor  volumes  were 
measured  and  the  mice  were  randomly  divided  into  five 
groups:  (1)  the  mice  injected  intratumorally  with  the 
AdLpCDIRESEla  vector  and  then  treated  intraperitone- 
ally  with  5-FC;  (2)  the  mice  injected  intratumorally  with 
the  AdLpCDIRESEla  vector  without  5FC  treatment;  (3) 
the  mice  injected  intratumorally  with  the  AdLpCD  vector 
followed  by  intraperitoneal  5-FC  treatment;  (4)  the  mice 
injected  intratumorally  with  the  AdLpCD  vector  without 
5FC  treatment  and  (5)  control  mice  injected  intratumo¬ 
rally  with  PBS.  The  average  volume  of  tumor  nodules  in 
the  control  and  AdLpCDIRESEla  treated  groups  on  the 


first  day  of  treatment  (day  0)  was  lower  than  in  the  other 
groups  (see  Fig  5).  The  mice  in  all  the  groups  were 
followed  until  the  animals  were  killed  because  of  the  large 
tumor  volume  on  the  44th  day  of  observation  following 
injection  of  the  vector.  Most  of  the  mice,  which  were  alive 
at  the  end  of  the  44  day  post  vector  injection  observation 
period,  were  killed  because  of  the  large  size  of  the  tumor 
nodules. 

There  were  four  partial  remissions  (4/7)  in  the 
AdLpCDIRESEla  +  5FC-treated  group  at  the  end  of 
the  first  week  of  the  treatment.  The  average  tumor 
volumes  of  this  group  significantly  decreased  during  the 
first  week  (P=  .046).  However,  the  tumor  nodules  of  the 
responding  mice  started  to  grow  after  2  weeks  of  drug 
administration.  Nevertheless,  the  tumor  growth  rate  in 
this  group  was  significantly  slower  than  that  of  the  other 
groups  during  the  whole  study  period  (P<.05).  As  shown, 
in  Figure  5,  the  tumor  volume  of  the  AdLpCDRE¬ 
SEIa +5FC  treated  group  was  significantly  lower  than 
that  of  the  AdLpCDIRESEla,  AdLpCD  +  5-FC  and 
control  groups  during  the  observation  period.  There  was 
no  significant  tumor  response  in  the  AdLpCD  +  5-FC 
group.  Tumor  volumes  of  this  latter  group  also  did  not 


Cancer  Gene  Therapy 


394 


L-plastin-driven  bicistronic  vector  therapy  of  cancer 
H  Akbulut  et  aJ 


Days  after  initiation  of  treatment 


□  AdLpCDI  RESE 1  a+5  FC  □  AdLpCDIRESEla 

□  AdLpCD  H  AdLpCD+5FC  B  Control  (PBS) 

Figure  5  Effect  of  intratumoraPlnjection  of  tumor  nodules  with 
adenoviral  vectors  on  tumor  growth.  The  HTB-38  cells  (3  x  106)  were 
injected  s.c.  into  nude/nude  mice.  Following  the  growth  of  tumor 
nodules  to  around  50mm3,  108  PFU  of  the  AdLpCDIRESEla  and 
AdLpCD  vectors  were  injected  intratumorally  into  the  mice  for  each  of 
the  treatment  groups,  and  PBS  for  the  control  group.  Then,  500  mg/ 
kg  of  5FC  was  injected  intraperitoneally  into  experimental  groups  of 
animals  and  control  groups  and  equal  amounts  of  PBS  to  the  vector 
alone  groups,  once  a  day,  for  7  days.  Then,  tumor  si2es  were 
measured  every  6  days. 
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Figure  6  Kaplan-Meier  survival  curves  of  nude  mice  with  tumor 
nodules  from  HTB-38  colon  cancer.  The  mice  in  all  groups  were 
followed  until  death  or  killing  because  of  the  large  tumor  size  or  at  the 
end  of  44  days  of  observation.  At  that  time,  most  of  the  mice  that 
were  alive  were  killed  because  of  the  large  size  of  the  tumor  nodules. 


significantly  differ  from  the  AdLpCD  and  control  groups 
(see  Fig  5). 

The  mice  in  the  AdLpCDIRESEla  +  5-FC  group  lived 
significantly  longer  than  the  other  groups  (Pc. 02)  as 
shown  in  Figure  6.  While  the  median  survival  in  this 
group  was  not  reached  during  the  observation  period,  it 
was  41,  36,  36  and  22  days  for  AdLpCDIRESEla, 
AdLpCD  +  5-FC,  AdLpCD  and  control  groups.  All  of 


the  vector-injected  groups  lived  longer  than  the  mice  in 
the  control  group  (.Pc .01). 

These  data  showed  that  the  effect  of  the  vector  carrying 
the  transcription  units  (El a  and  cytosine  deaminase)  was 
greater  in  the  presence  of  the  prodrug  5-FC  than  the 
vector  in  the  absence  of  5-FC.  In  the  latter  condition,  the 
vector  is  equivalent  to  the  AdLpEla  vector.  Thus,  the 
bicistronic  vector  is  an  improvement  over  either  vector 
with  a  single  transcriptional  unit  (AdLpEla  or  AdLpCD). 


Discussion 

In  this  report,  we  present  the  analysis  of  replication- 
competent  adenoviral  vectors  designed  to  use  prodrug 
activation  transcription  units  driven  by  a  tumor-specific 
promoter- (L-plastin).  The  cytotoxic  effect  of  the  vector 
carrying  both  the  El  A  and  the  CD  transgenes  was  greater 
than  the  vector  which  contains  only  the  CD  gene  prodrug 
activation  transcription  unit  without  the  Ela  gene,  both 
in  an  in  vitro  cell  line  experiment  as  well  as  in  an  in  vivo 
experiment  in  human  tumor  xenograft  models.  -> 

Prodrug  activation  transcription  unit  gene  therapXis 
one  of  many  new  and  promising  approaches  to  cancer 
treatment.  Previous  reports  have  shown  the  tumor  \ 
suppressive  effect  of  adenoviral  vectors  carrying  the  CD 
gene/5-FC  system  on  various  tumor  cell  lines  and  in  vivo  \ 
models.2-915  However,  most  of  these  reports  are  fobused 
on  replication-incompetent  vector  systems.  The  infectivity 
of  normal  as  well  as  tumor  cells  by  the  adenoviral  vector 
has  represented  a  disadvantage  for  adenoviral  vectors, 
since  the  expression  of  the  therapeutic  transgenes  in^the/' 
normal  cells  generates  toxic  side  effects.  In  order  to 
overcome  this  limitation,  many  groups  have  been  focusing 
on  tumor-  or  tissue-specific  gene  promoters  to  reduce  side 
effects.  Our  laboratory  has  recently  reported  experiments 
involving  vectors  carrying  the  tumor-specific  L-plastin- 
driven  genes. 8,9  These  results  showed  that  the  replication- 
competent  viral  vector  can  kill  the  tumor  cell  directly  by 
the  oncolytic  effect  of  the  virus. 

The  goal  of  the  replication-competent  viral  vectors  is 
the  direct  killing  of  the  target  tumor  cell  by  the  oncolytic 
effect  of  the  virus.16  The  use  of  the  L-plastin  tumor- 
specific  promoter  to  drive  the  expression  of  the  Ela  gene 
as  well  as  the  prodrug  activation  transcription  unit  has 
been  shown  in  our  work  to  increase  the  therapeutic  effect 
over  that  seen  with  replication-competent  vectors  in  an 
additive  fashion  without  increasing  toxicity.10 

It  is  worth  nothing  that  both  replication-competent  and 
-incompetent  vectors,  which  carried  CD/E  la  or  CD 
transcription  units  under  the  control  of  the  L-plastin 
tumor-specific  promoter  caused  no  significant  CPE  on 
HMEC.  However,  the  wild-type  adenovirus  and  similarly 
constructed  replication-competent  CMV-driven  adenovir¬ 
al  vectors  caused  significant  CPE  to  the  HMEC  by  the  4th 
day  after  an  initial  exposure  to  the  vector.  These  data 
show  that  the  L-plastin-driven  CD  or  CD/E  la  vectors  are 
selectively  toxic  to  the  tumor  cell  lines  without  being  toxic 
to  the  normal  cells. 
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The  conditionally  replication-competent  CD  vectors 
killed  almost  all  of  the  MCF-7  human  breast  cancer  cells 
and  the  HTB-38  human  colon  cancer  cells  in  the  presence 
of  5FC.  In  both  replication-competent  and  replication- 
incompetent  virus/5-FC  systems,  active  drug  released 
from  the  infected  cells  may  cause  significant  cell  death 
among  the  uninfected  cells.  This  significant  in  vitro  by¬ 
stander  effect  seems  to  increase  the  efficacy  of  this  virus/ 
prodrug  therapeutic  system. 

We  tested  the  in  vivo  effect  of  the  AdLpCDIRESEla 
viral  vector  by  injecting  the  vectors  intratumorally  into 
subcutaneous  nodules  of  the  human  colonic  cancer  cell 
line  HTB-38  followed  by  intraperitoneal  injections  (twice 
a  day)  of  5FC  in  quantities  sufficient  to  generate  a  peak 
concentration  of  500 ^M.  The  injection  of  the  Ad¬ 
LpCDIRESEla  vector  in  the  absence  of  5FC  did  not 
cause  tumor  response,  but  decreased  the  tumor  growth 
rate.  Addition  of  5FC  yielded  approximately  60% 
objective  tumor  response  rate  along  with  a  decrease  in 
tumor  growth  rate.  The  mice  in  this  group  treated  with 
the  AdLpCDIRESEla/5FC  system  lived  significantly 
longer  than  the  mice  in  other  groups. 

The  use  of  the  L-plastin  promoter  to  drive  the  CD  gene 
and  the  E la  gene  produce  a  vector  that  is  at  the  same  time 
replication  competent^  in  tumor  cells  and  which  can 
sensitize  these  cells  to  the  Effects  of  chemotherapy.  These 
vectors  might  be  Useful  in  intracavitary  therapy,  where 
the  dose  of  chemdtherapy  drugs  is  usually  limited  by 
the  local  toxicity  of  the  chemotherapy  on  the  normal 
peritoneal  cells.  With  these  vectors,  one  can  selectively 
increase  the  doses  of  5FC  inside  the  tumor  cells.  These 
vectors  are  currently  being  engineered  so  that  they  will 
not  bind  to  the  normhl  peritoneal  epithelial  surface.  Once 
that  process  is  completed,  they  may  be  tested  in  preclinical 
animal  models  to  determine  if  the  vectors  are  able  to 
suppress  spontaneously  occurring  tumors  like  ovarian 
carcinomatosis 
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ABSTRACT 


In  order  to  develop  a  less  toxic  and  more  effective  treatment  for  colon 
cancer,  we  have  replaced  5-fluorouracil  (5FU)  in  the  Saltz  combination  of  CPT-1 1, 
folinic  acid  (FA)  and  5FU  chemotherapy  by  5-fluorocytosine  (5FC)  and  an 
adenoviral  vector  which  carries  the  L-plastin  (Lp)  tumor  specific  promoter  driven 
transcription  unit  encoding  the  cytosine  deaminase  (CD)  gene  linked  to  the  El  A 
gene  by  an  IRES  element.  We  call  this  new  form  of  treatment  program  “Genetic 
Saltz  Therapy”.  The  experimental  results  reported  in  this  paper  show  that  the 
Genetic  Saltz  Therapy  has  a  statistically  significant  advantage  in  terms  of  increased 
response  rate,  response  duration,  survival  and  reduced  toxicity  when  compared  to 
animals  treated  with  the  conventional  Saltz  combination  chemotherapy.  Genetic 
Saltz  Therapy  is  a  concept  that  could  be  applied  widely  for  mainy  forms  of  cancer 
treatment.  v\ 


INTRODUCTION 


5FU  is  a  component  of  most  of  the  existing  chemotherapy  regimens  for 
advanced  carcinoma  of  the  colon  as  well  as  the  programs  used  for  the  adjuvant 
therapy  for  carcinoma  of  the  colon  and  carcinoma  of  the  breast  (1).  The  use  of  the 
weekly  schedule  of  CPT-11,  folinic  acid  (FA)  and  5-fluorouracil  (5FU) 
combination  chemotherapy  (which  is  known  as  the  Saltz  regimen)  is  associated 
with  a  15  month  median  survival  in  advanced  colorectal  cancer  (1).  One  of  the 
limiting  factors  of  the  Saltz  regimen  is  its  gastrointe“stinal  toxicity.  When  5FUJs=- 
given  at  the  maximal  doses  which  are  safe  to  administer  systemically,  it  is  usually 
considered  to  be  toxic  only  for  dividing  cells  through  incorporation  of  the  5FU  into 
DNA  and  binding  of  5FU  to  thymidylate  synthase  (2-3).  The  failure  of  existing 
5FU  based  chemotherapy  in  many  advanced  colon  cancer  patients  may  be  due  in 
part  to  the  fact  that  less  than  10%  of  colon  cancer  cells  are  proliferating  at  any 
given  time  and  therefore  most  of  the  colon  cancer  cells  escape  control  by  5FU.  If  it 
were  possible  to  safely  increase  the  levels  of  intravenously  administered  5FU  to 
those  at  which  RNA  is  sufficiently  substituted  with  5FU  to  suppress  protein 
synthesis  (2),  then  one  could  kill  non-dividing  colon  cancer  cells  as  well  as 
dividing  cancer  cells.  Unfortunately,  the  dose  increments  of  systemically 
administered  5FU  that  would  be  required  to  prevent  protein  synthesis  and  thereby 
kill  non  dividing  colon  cancer  cells  would  generate  unacceptable  levels  of  toxicity 
to  the  normal  cells  of  the  bone  marrow  and  gastrointestinal  tract. 

We  have  therefore  proposed  to  use  the  L-plastin  tumor  specific 
transcriptional  promoter  to  regulate  the  expression  of  the  transcription  units  of  an 
adenoviral  vector  which  is  selectively  cytolytic  to  tumor  cells,  on  the  basis  of  the 
levels  of  the  CD  protein  which  it  produces  in  vector  infected  tumor  cells.  The  L- 
plastin  promoter  (4-5)  has  been  shown  to  drive  the  expression  of  genes  in  tumor 
cells  but  not  in  normal  cells  (6-8).  The  Escherichia  Coli  or  yeast  cytosine 
deaminase  (CD)  gene  (9-10)  catalyzes  the  conversion  of  the  relatively  harmless 
drug,  5-Fluorocytosine  (5FC),  into  the  cytotoxic  agent,  5FU.  The  levels  of  5FU 
which  are  generated  by  the  CD/5FC  system  (3)  within  tumor  cells  (>300 
micromolar)  are  much  higher  than  those  possible  when  5FU  is  systemically 
administered  (5  micromolar).  Adenoviral  vectors  carrying  the  CD  gene  driven  by 
the  L-plastin  promoter  have  been  shown  in  our  laboratory  to  sensitize  breast, 
ovarian  and  colon  cancer  cells  to  the  effects  of  5FC  (6-7).  We  have  also  placed  the 
gene  for  El  A,  which  is  necessary  for  viral  replication,  downstream  of  the  L-plastin 
promoter  to  create  a  vector  which  is  selectively  cytolytic  to  cancer  cells  (11).  A 


vector  that  contains  both  the  CD  and  El  A  genes  under  control  of  the  L-plastin 
promoter  (AdLpCDIRESElA)  can  be  used  to  kill  cancer  cells  through  two 
mechanisms:  vector  replication  within  the  tumor  cells,  and  sensitization  of  the 
cancer  cell  infected  by  this  vector  to  the  effects  of  5FC.  This  double  gene  vector 
has  already  been  shown  in  our  laboratory  to  have  a  tumor  selective  cytotoxic  effect 
that  is  greater  than  vectors  carrying  either  the  CD  or  the  El  A  genes  alone  (12). 

In  this  report,  we  have  combined  the  AdLpCDIRESElA  vector  with  CPT- 
11,  5FC  and  FA  chemotherapy  to  create  a  treatment  called  “Genetic  Saltz 
Therapy”,  which  was  designed  to  make  the  conventional  Saltz  chemotherapy 
combination^, of  CPT-11,  5FU  and  FA  less  toxic  and  more  effective  for  the 
treatment  of  colon  cancer  (1).  The  results  of  the  experiments  which  are 
summarized  in  this  report  show  that  “Genetic  Saltz  Therapy”  is  less  toxic  and 
much  more  effective  in  suppressing  the  growth  of  colon  cancer  and  extending  the 
survival  of  mice  than  is  the  conventional  Saltz  combination  chemotherapy.  On  the 
basis  of  the  results  reported  in  this  paper,  it  appears  that  vector  targeting  of 
chemotherapy  represents  a  novel  concept  of  chemotherapy  that  could  reduce 
toxicity  and  improve  the  therapeutic  outcome  in  advanced  colon  cancer  as  well  as 
in  the  chemotherapy  of  many  epithelial  neoplasms  K 
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RESULTS 


Properties  of  Cell  Lines  Which  Relate  to  Sensitivity  to  Chemotherapy  and 
Vector  Infectability. 

To  evaluate  the  reasons  for  differences  in  response  to  the  AdLpCDIRESElA 
vector  and  chemotherapy,  we  studied  the  CE  and  TS  activity  of  the  human  tumor 
cell  lines.  The  CE  activity  of  Ln-CaP  (human  prostate  cancer),  MCF-7  (human 
breast  cancer)  and  Ovcar-5  (human  ovarian  cancer)  cells  were  similar.  However, 
the  HTB-38  human  colon  carcinoma  cells  had  6  times  more  enzyme  activity  than 
the  other  cell  lines  (Table  1).  The^TSh  activity  (15),  which  was  expressed  as  the 
amount  of  3H20  (fmol)  formed  in  1  minute  per  mg  of  protein,  was  lowest  in  the 
HTB-38  colon  cancer  cell  line  and  highest  in  the  Ovcar-5  ovarian  cancer  cell  line 
(Table  1).  To  characterize  the  cell  lines  with  respect  to  differences  which  might 
alter  the  infectibility  of  the  target  cell  lines,  we  studied  the  expression  of  CAR, 
alphavbeta3  and  alphavbeta5  integrin  receptors  on  tumor  cells  (17).  The  percentage 
of  alphavt)eta3,  alphavbeta5  integrin  receptor  as  well  as  the  CAR  positive  cells  was 
measured  by  flow  cytometry.  The  percentage  of  cells  positive  for  CAR  and 
alphavbeta5  integrin  receptors  varied  among  the  tumor  cell  lines.  More  than  half  of 
the  tunior  cell  lines  have  significant  percentages  of  CAR,  alphavbeta3  and 
alphavbeta5  integrin  receptor  positive  cells  (Table  3).  According  to  these  results, 
Ln-CaP  ^ell  appear  to  be  the  most  sensitive  cell  line  in  terms  of  taking  up  the 
adenoviral  vectors.  The  results  suggest  that  the  HTB-38  cell  line  should  be 
infectable  by  the  adenoviral  vectors  as  well. 


In  Vitro  Studies  of  Vector  Infected  Cell  Lines. 

Western  blot  analysis  (see  Fig.  lb)  for  E1A  expression  following  vector  infection 
and  two  days  of  incubation  of  all  vector  infected  tumor  cell  lines  showed  bands 
specific  for  El  A  polypeptides  (35-46  kDa).  No  protein  bands  are  visible  from  the 
control  cells  which  were  not  exposed  to  El  A  containing  vectors.  The  steady  state 
levels  of  5FU  generated  in  the  medium  from  AdLpCD  infected  MCF-7  cells 
exposed  to  5FC  were  greater  than  340  micromolar.  These  levels  are  far  in  excess  of 
the  IC50  of  the  MCF-7  breast  cancer  cells  (see  Table  I)  and  far  above  the  5 
micromolar  levels  that  are  generated  by  systemic  administration  of  5FU.  These 
levels  are  similar  to  those  reported  previously  to  result  in  the  inhibition  of  protein 
synthesis  (2)  and  thereby  to  the  death  of  non-dividing  cancer  cells. 
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Specificity  of  expression  of  the  L-pIastin  promoter  driven  vector  transcription 
units. 

In  order  to  test  if  the  L-plastin  driven  bicistronic  CDIRESE1A  transcription  unit 
was  expressed  in  a  tumor  specific  manner  in  the  AdLpCDIRESEl  A  vector  infected 
cells  (6-8),  we  injected  either  the  AdLpCDIRESE  1 A  or  the  AdCMVCDIRESElA 
vectors  into  normal  liver  or  subcutaneous  tumor  nodules  and  stained  histological 
sections  of  the  injected  tissue  for  El  A  expression  The  tumor  nodules  were  positive 
for  E1A  whether  injected  by  the  AdLpCDIRESE  1 A  or  AdCMVCDIRESElA 
vectors  (Fig.  lcl  and  Fig.  Ic3)  whereas  the  normal  liver  tissue  was  positive  for 
E1A  only  following  injection  with  the  AdCMVCDIRESElA  (Fig.  Ic2  and  Fig. 
Ic4).  These  results  show  that  the  expression  of  the  transgenes  in  the 
AdLpCDIRESEl  A  vector  infected  cells  is  tumor  specific. 

Effect  of  the  AdLpCDIRESEl  A  vector  on  IC50  values  of  CPT-11  SN-38,  and 
5FU. 

We  tested  if  the  IC50  of  5FU,  CPT-11  and  SN-35  was  decreased  by  exposure  of 
the  test  cells  to  the  AdLpCDIRESEl  A  vector.  When  the  AdLpCD  vector  plus  5FC 
and  FA  were  added  to  the  test  cells  at  MOI  10,  the  IC50  value  of  CPT-11 
decreased  65-2200  times  (Table  2).  When  the  AdLpCDIRESEl  A  replication 
competent  vector  plus  5FC  and  FA  was  added  to  the  cells,  the  decrease  in  the  CPT- 
1 1  IC50  was  5-20  times  the  decrease  seen  with  the  AdLpCD  replication  deficient 
vector.  In  contrast,  when  the  AdLpCDIRESEl  A  vector  plus  FA  without  5FC  was 
combined  with  CPT-11,  the  decrease  of  the  IC50  value  of  CPT-1 1  was  between  7 
and  200  fold  (data  not  shown).  These  studies  show  that  the  in  vitro  activity  of 
CPT-1 1  and  SN-38  is  potentiated  by  the  addition  of  the  AdLpCDIRESEl  A  vector. 
Moreover,  this  vector  sensitization  does  not  depend  on  the  replication  competency 
of  the  vector  but  on  the  presence  of  the  CD  protein  and  5FC. 

Replacement  of  5FU  in  the  conventional  Saltz  combination  chemotherapy  by 
intratumoral  injection  of  the  AdLpCDIRESElA  vector  and  in  vivo  5FC 
(“Genetic  Saltz”  Therapy)  increases  the  tumor  response  and  decreases  toxicity 
as  compared  to  the  conventional  Saltz  combination  chemotherapy  (Animal 
Model  #1). 

Response  Studies.  The  growth  of  the  HTB-38  colon  cancer  cell  line  in  nude  mice 
was  suppressed  more  by  intratumoral  injection  of  the  AdLpCDIRESElA  vector 
given  in  concert  with  ip  5FC,  iv  FA  and  iv  CPT-1 1  chemotherapy  (Group  1)  than  it 
was  by  conventional  Saltz  combination  chemotherapy  (Group  6)  as  shown  in  Fig. 


2a.  The  duration  of  tumor  response  among  the  animals  treated  with  the  Genetic 
Saltz  Therapy  (AdLpCDIRESEl  A/5FC/FA/CPT-1 1-Group  1)  was  statistically 
significantly  longer  than  the  duration  of  the  response  among  animals  treated  with 
regimens  not  containing  the  AdLpCDIRESEl  A/5FC  combination  (p<.0001). 

Survival  Studies.  The  mice  treated  with  AdLpCDIRESEl A+5FC+FA+CPT-1 1 
(the  Genetic  Saltz  Therapy  or  Group  1)  lived  much  longer  than  did  the  mice  treated 
with  conventional  Saltz  combination  chemotherapy  (Group  6)  or  the  other  control 
groups  (Fig.  2b).  We  then  tested  for  the  effect  of  increasing  the  frequency  of  the 
AdLpCDIRESEl  A  vector  injections  from  once  a  week  to  twice  a  week.  A  survival 
advantage  was  seen  in  this  latter  model  but  this^advantage  was  lost  by  12  weeks 
(data  not  shown).  This  suggested  that  additional  cycles  of  therapy  might  be  one 
way  to  increase  the  success  of  the  outcome. 

Toxicity  Studies.  Importantly,  the  mice  given  the  conventional  5FU,  FA  and  CPT- 
11  combination  clibmotherapy  (Group  6)  had  statistically  significantly  more 
diarrhea  and  slightly  more  weight  loss  than  that  observed  in  mice  treated  with  the 
Genetic  Saltz  Therapy,  which  involves  the  combination  of 
AdLpIRESE  1  A/5F^/FA/CPT- 1 1 ,  as  shown  in  Table  4. 

Response  of  the  HTB-38  colon  cancer  cells  to  in  vitro  infection  with  the 
AdLpCDIRESEl  A  sector  infection  and  in  vivo  5FC/FA/CPT-11 
chemotherapy  (Animal  Model  #2). 

To  test  if  we  could  improve  the  outcome  of  the  Genetic  Saltz  Therapy,  we 
infected  the  HTB-38  cells  with  AdLpCDIRESEl  A  vector  in  vitro  under  conditions 
that  would  result  in  infection  of  100%  of  the  HTB-38  cancer  cells  prior  to  the 
injection  of  the  tumor  cells  into  the  subcutaneous  space  of  the  test  animals. 
Following  subcutaneous  injection  of  HTB-38  tumor  cells  which  had  been  infected 
in  vitro  with  either  the  AdLpCDIRESEl  A  vector,  the  AdLpCD  vector,  or  the 
AdWT  virus,  we  treated  the  mice  with  the  programs  outlined  in  Fig.  lc. 

Response  Studies.  None  of  the  mice  treated  with  the  Genetic  Saltz  Therapy 
(Group  1)  exhibited  regrowth  of  the  tumor  cells  at  the  injected  sites  during  the  5 
months  of  follow-up  whereas  the  other  treatment  groups  showed  regrowth  of  tumor 
after  chemotherapy  (Fig.  2c).  In  each  of  the  groups  in  which  the  colon  cancer  cell 
line  HTB-38  was  infected  in  vitro  with  a  replication  competent  vector  (Groups  1 
and  4)  and  in  which  in  vivo  5FC  (in  the  case  of  the  AdLpCDIRESEl  A)  or  5FU  (in 
the  case  of  AdWT)  was  given,  there  was  a  statistically  significant  reduction  in  the 
tumor  growth  rates  (Fig.  2c). 
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Survival  Studies.  There  was  a  survival  advantage  of  the  Genetic  Saltz  Therapy 
(Group  1)  as  compared  to  the  use  of  in  vivo  administration  of  the  conventional 
Saltz  combination  chemotherapy  (Group  5)  as  shown  in  Fig.  2d.  When  5FC  was 
deleted  from  the  Genetic  Saltz  Therapy,  the  survival  advantage  of  the  Genetic  Saltz 
Therapy  over  the  conventional  Saltz  combination  chemotherapy  was  lost  (eg 
Group  3  in  Fig.2d).  These  results  indicated  that  the  outcome  of  therapy  depended 
on  the  conversion  of  5FC  to  5FU  within  the  tumor  cells. 


DISCUSSION 


We  have  tested  if  it  is  possible  to  increase  the  efficacy  and  decrease  the 
toxicity  of  combination  chemotherapy  for  advanced  carcinoma  of  the  colon  by 
using  a  vector  to  target  5FU  therapy  to  tumor  cells  and  spare  the  normal  cells  of 
the  body.  The  combination  of  the  AdLpCDIRESElA  conditionally  replication 
competent  adenoviral  vector  with  5FC,  CPT-11  and  FA  chemotherapy,  which  is 
called  the  “Genetic  Saltz  Therapy”,  is  statistically  significantly  superior  to  the 
conventional  Saltz  combination  chemotherapy  (5FU,  FA  and  CPT-1 1)  with  respect 
to  tumor  response  and  survival.  These  effects  may  be  due  to  the  high  levels  of  5FU 
generated  by  the  AdLpCDIRESElA  vector/5FC  treatment  within  tumor  cells  that 
"are  not  possible  to  achieve  using  systemic  administration  of  5FU  chemotherapy.  In 
addition,  we  show  that  the  toxicity  of  the  Genetic  Saltz  Therapy  is  statistically 
significantly  less  than  that  seen  with  the  conventional  Saltz  combination 
chemotherapy. 

Since  its  synthesis  in  1957)  5-FU  has  been  the  primary  chemotherapeutic 
agent  in  advanced  colorectal  carcinoma  and  in  the  adjuvant  therapy  of  carcinomas 
of  the  colon  and  breast.  However)  the  median  survival  of  the  patients  with 
advanced  colon  cancer  produced ^y  the  best  5-FU  regimens  has  been  between  12- 
15  months  (18).  Recently,  Douillard  JY  et  al  reported  increased  response  rates  with 
use  of  a  weekly  and  biweekly  schedule  of  CPT-1 1  combined  with  two  different  5- 
FU  regimens  including  high  dose  FA  (19).  Saltz  et  al  reported  increased  response 
rates  and  prolongation  of  survival  with  the  combination  of  a  weekly  schedule  of 
CPT-11  and  5-FU  plus  low  dose  FA  when  compared  to  5-FU,  FA  regimens,  which 
are  similar  to  those  used  in  the  CPT-1 1  arms  (20-21). 

Mice  which  were  given  the  Genetic  Saltz  Therapy  had  a  tumor  volume 
which  was  almost  Va  of  that  seen  in  the  mice  treated  with  the  conventional  Saltz 
combination  chemotherapy  (p=.0001)  at  the  end  of  the  first  month.  The  mice  given 
the  Genetic  Saltz  Therapy  also  had  statistically  significantly  prolonged  survival 
compared  to  the  mice  given  the  conventional  Saltz  combination  chemotherapy 
(p=.0004).  The  addition  of  FA  to  the  AdLpCDIRESElA  vector  and  5-FC  (Genetic 
Saltz  Therapy  without  CPT-11)  also  enhanced  tumor  control  and  survival  more 
than  the  conventional  Saltz  combination  chemotherapy. 

Animal  model  #2  was  designed  to  test  the  efficacy  of  the  vector  under 
conditions  which  permitted  infection  of  100%  of  the  tumor  cells.  This  was 
accomplished  by  infecting  the  tumor  cells  with  either  CD  carrying  vectors  or  wild 
type  adenovirus  before  subcutaneous  inoculation  of  the  tumor  cells  into  the  test 
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mice.  All  of  the  mice  given  the  Genetic  Saltz  Therapy  were  free  of  tumor  nodules, 
whereas  6/7  of  the  mice  given  AdLpCDIRESE  1 A+CPT- 1 1  (iv)+FA(iv),  which  is 
the  Genetic  Saltz  Therapy  without  5FC,  developed  tumor  nodules. 

One  of  the  major  limiting  factors  of  the  conventional  Saltz  combination 
chemotherapy  is  its  gastrointestinal  toxicity.  Importantly,  there  was  a  statistically 
significantly  decreased  incidence  of  diarrhea  in  the  animals  treated  with  the 
Genetic  Saltz  Therapy  as  compared  with  conventional  Saltz  combination 
chemotherapy.  This  reduction  in  toxicity  and  increase  in  efficacy  of  the  regimen 
was  generated  by  using  conditionally  replication  competent  adenoviral  vectors 
which  are  tumor  specific'in  the  delivery  of  5FU  tcucancer  cells,  thus  sparing  the 
normal  tissues  of  the  body  from  the  toxicity  of  the  regimen. 

The  results  of  these  studies  suggest  that  the  combination  of 
AdLpCDIRESElA  and  5-FC  system  with  CPT-11  and  FA  is  more  effective  and 
less  toxic  than  the  traditional  combination  of  CPT-1 1,  5-FU  and  FA  (conventional 
Saltz  combination  chemotherapy).  Because  of  the  limited  number  of  tumor  cells 
infected  when  this  vector  is  injected  intratumorally,  the  goal  of  clinical  translation 
of  the  Genetic  Saltz  Therapy  will  be  feasible  when  the  vector  has  been  engineered 
so  that  it  only  infects  tumor  cells  and  tumor  vascular  endothelial  cells.  In  that  case, 
the  vector  will  be  suitable  for  administration  in  the  bloodstream  and  under  these 
conditions,  it  is  possible  that  a  far  greater  number  of  tumor  cells  can  be  accessed 
by  the  AdLpCDIRESElA  vector.  Work  towards  this  goal  is  ongoing  presently  in 
our  laboratory. 
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METHODS 


Cells  and  reagents. 

All  cell  lines  were  purchased  from  the  American  Type  Culture  Collection 
(ATCC)  except  for  the  human  epithelial  ovarian  cancer  cell  line  (Ovcar-5)  which 
was  obtained  from  Dr.  Thomas  C.  Hamilton  of  Fox  Chase  Cancer  Center, 
Philadelphia,  PA.  All  drugs  and  chemicals  were  purchased  from  Sigma  (St  Louis, 
Missouri).  2'-Deoxyuridine  5 '-monophosphate  and  diammonium  salt,  [5-3H]  (15.0 
Ci/mmol)  were  purchased  from  Moravek  (Brea,  California);  IgG-FITC  ^was 
purchased  from  eBioScience  (San  Diego,  California).  Alphavbeta5  and  alphavbeta3 
monoclonal  antibodies  were  purchased  from  Covance  (Richmond,  California). 
Mouse  anti-CAR  antibody  was  kindly  provided  by  Dr.  Robert  W.  Finberg  of 
University  of  Massachusetts  Medical  School.  Wild  type  Adenovirus  type  5 
(Ad5WT)  was  purchased  from  the  ATCC.  The  construction  of  the  following 
vectors:  AdLpElA,  AdCMVElA,  AdLpCD,  AdLpCDIRESElA,  and 
AdCMVCDIRESElA,  has  been  described  in  previous  publications  from  our 
laboratory  (6-8,  12).  \v 

\ 

Carboxylesterase  and  Thymidylate  synthase  (TS)  activities  of  tumor  cells. 

/  ^ 

Carboxylesterase  (CE)  activity  of  all  cell  lines  was  assessed  by  measuring 
the  hydrolytic  conversion  of  paranitrophenolic  acid  (pNPA)  to  para-nitrophenol 
(pNP)  which  is  catalyzed  by  CE  (14).  TS  activity  of  tumor  cells  was  measured 
according  a  tritium-release  assay  as  described  previously  (15).  The  incubations 
were  performed  in  quadruplicate. 

Immunofluorescent  Analysis. 

The  level  of  expression  of  coxackie-adenoviral  receptor  (CAR),  alphavbeta3 
and  alphavbeta5  integrin  receptors  on  tumor  cells  was  measured  as  described  in 
previous  publications  (7,  8,  and  12)  using  an  anti-mouse  IgG-FITC  antibody. 
Normal  hepatic  tissue  and  subcutaneous  tumor  nodules  caused  by  inoculating 
HTB-38  cells  infected  with  AdLpCDIRESElA  or  AdCMVCDIRESElA  vectors 
were  studied  for  the  expression  of  El  A  protein  by  immunofluorescent  staining 
(Vector  M.O.M.  Immunodetection  Kit,  Burlingame,  California)  using  Adenovirus 
type  5E1 A  antibody  from  NeoMarkers  (Fremont,  California). 
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Effect  of  vectors  on  the  IC50  of  5  Fluorouracil,  CPT-11,  SN-38. 


l-5xl04  cells/well  were  plated  in  96-well  plates  in  lOOul  of  culture  medium. 
Following  an  overnight  incubation,  fresh  medium  supplemented  with  varying 
amounts  of  the  test  drug  were  added:  for  5-FU,  from  0.05uM  to  410  uM-14 
different  concentrations;  for  CPT-11,  from  5  nanomolar  to  1.3  mM-10  different 
concentrations;  and  for  SN-38,  from  10  picomolar  to  10  micromolar-7  different 
concentrations.  After  a  72-hour  incubation  period  with  drug,  the  medium  was 
exchanged  for  fresh  medium  without  drug.  The  next  day,  10  ul  of  MTT  reagent  as 
provided  in  the  commercial  kit  (ATCC,  Manassas,  VA,  USA)  were  added  to  each 
well  "containing  cells.  Following  an~  incubation  period  of  24  Jhours,  which  was 
continued  until  a  purple  precipitate  was  visible  at  37°C,  the  plates  were  then 
incubated  further  overnight  at  room  temperature.  The  results  were  expressed  as  the 
average  percentage  (in  quadruplicate)  of  the  population  of  cancer  cells  which  were 
present  before  treatment  which  were  left  surviving  at  any  time  point. 

Animal  model  #1. 


3x1 06  HTB-38  colon  cancer  cells  were  injected  subcutaneously  into  female 
nude/nude  mice  (4-6  wks  of  age).  1  x  108  pfu  of  the  AdLpCDIRESElA  vector  or 
the  AdLpCD  vector  were  injected  intratumorally  into  subcutaneous  nodules  (50 
mm3)  of  the  HTB-38  colon  cancer  cells  which  developed  from  the  subcutaneous 
injection  of  tumor  cells  in  female  nude/nude  mice  (Fig.  la).  The  vector  or 
phosphate  buffered  saline  control  injections  into  the  tumor  nodules  were  repeated 
on  days  1,8,  15  and  22.  All  the  drugs  were  given  to  test  mice  at  doses  which  were 
equivalent  to  human  doses  (5FC  500  mg/kg/day  i.p.  for  10  days;  5FU  150  mg/kg, 
i.v.  days  1,  8,  15,  and  22;  FA  6  mg/kg/day,  i.v.  daily  starting  on  the  day  of 
intratumoral  vector  injection  for  the  vector  groups  and  on  days  1,8,  15,  and  22  for 
the  CPT-11+5-FU+FA  group;  CPT-11  40  mg/kg,  i.v.  days  1,  8,  15,  and  22  (16).  A 
total  of  two  complete  cycles  of  therapy  (each  six  weeks  long)  were  given  to  all 
animals.  Tumor  volumes  were  measured  every  2  days  (7-8).  Data  are  represented 
as  the  mean  change  in  tumor  size  relative  to  the  tumor  size  at  the  beginning  of 
treatment  of  each  animal.  Animals  were  evaluated  for  toxicities  of  the  treatment 
regimens  every  day.  The  following  parameters  for  toxicity  were  measured  daily: 
activity,  skin  color,  hunching,  fur  status,  and  the  cage  bedding  was  inspected  for 
residues  of  diarrhea  daily.  The  weight  of  mice  was  measured  three  times  a  week.  A 
separate  set  of  experiments  was  carried  out  in  which  the  vector  was  injected  twice 
a  week  (instead  of  the  once  a  week  described  above),  and  the  tumor  dose  injected 
was  2  x  105  cells  instead  of  3  x  106  cells. 
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Animal  model  #2. 


In  order  to  test  the  efficacy  of  the  vector  in  a  way  which  was  not  limited  by 
diffusion  and  spread  of  the  vector  from  the  intratumoral  injection  sites  of  the  vector 
particles  to  each  of  the  tumor  cells  in  the  tumor  nodule,  we  first  incubated  the 
HTB-38  cells  in  vitro  at  30  MOI  (100%  of  the  HTB-38  cells  were  previously 
shown  to  be  infected  at  MOI  30)  with  either  the  AdLpCDIRESElA  vector  or  the 
wild  type  adenovirus  (AdWT)  for  60  minutes.  Following  subcutaneous  injection  of 
the  vector  infected  tumor  cells  (5x1 05  cells/mouse),  we  administered  the  drugs  at 
the  same  doses  used  in  animal  experiment  #1  to  the  assigned  groups  (Fig  2c).  Two 
cycles  of  therapy  were  given  in  all  groups  except  group  1.  In  group  1,  ip  5-FC 
injections  were  given  only  in  the  first  and  second  week  because  no  tumor 
appeared. 

Statistical  analysis.  ^ 

IC50  values  were  calculated  according  to  the  median  effect  principle.  The 
differences  among  the  results  of  the  various  groups  were  compared  by  the 
Student’s  t  test.  One-way  ANOVA  (with  LSD  post-hoc  comparisons)  and  Mann- 
Whitney  tests  were  used  for  the  comparison  of  tumor  volumes.  Tumor  growth  rates 
were  evaluated  by  regression  analysis.  Survival  analyses/"  were  performed 
according  to  the  Kaplan-Meier  method  and  the  log-rank  test  was  used  for  survival 
comparisons. 
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FIGURE  LEGENDS 


Figure  1.  Tumor  specific  adenoviral  vectors. 

Figure  la.  The  maps  of  the  therapeutic  transcription  units  in  adenoviral 
vectors.  CD=cytosine  deaminase  gene;  IRES=intraribosomal  entry  site;  E1A= 
adenoviral  replication  gene;  CMV=cytomegalovirus;  Lp=L-plastin. 

Figure  lb.  Western  blotting  of  El  A  polypeptides  produced  in  vector  infected 
HTB-38  cells.  The  El  A  region  encodes  a  series  of  related  proteins  (35-46kDa). 

Figure  lc.  Tumor  specific  expression  of  the  E1A  gene  following  injection  with 
vectors  carrying  the  CMV  or  L-plastin  promoters.  In  this  study,  green  color 
indicates  expression  of  El  A  peptides. 

Panel  lcl.  In  the  normal  liver  injected  with  the  AdLpCDIRESElA  vector,  there  is 
no  green  fluorescence  of  El  A  polypeptides. 

Panel  lc2.  In  the  tumor  nodule  injected  with  the  AdLpCDIRESElA  vector,  the 
green  fluorescence  is  detectable  showing  that  the  El  A  polypeptides  (which  are 
stained  green)  are  produced  by  the  L-plastin  driven  El  A  gene  and  are  present  with 
the  nuclei  of  the  tumor  cells  which  are  stained  red. 

Panel  lc3.  The  liver  was  injected  with  the  AdCMVCDIRESElA  vector.  The 
nuclei  of  the  liver  cells  are  stained  blue  while  the  El  A  polypeptides  are  stained 
green  in  the  cells  injected  with  the  vector  carrying  the  tumor  non-selective  CMV 
promoter.  These  data  show  that  the  normal  cells  can  be  infected  by  the  vector  and 
can  express  El  A  peptides  in  the  presence  of  the  CMV  promoter. 

Panel  lc4.  The  tumor  nodule  which  was  injected  with  the  AdLpCDIRESElA 
vector  also  showed  expression  of  the  El  A  polypeptides. 

Figure  2.  Tumor  Volumes  and  Survival  Curves  of  the  Assigned  Treatment 
Groups  in  Animal  Models  #1  and  #2. 

Panel  A  of  Figure  2.  Tumor  Response  of  Colon  Cancer  in  Mice  Following 
Treatment  in  Animal  Model  #1.  The  effect  of  the  intratumoral  injection  of  the 
AdLpCDIRESElA  vector  along  with  intraperitoneal  5-FC  daily  for  10  days  and 
one  day  of  intravenous  FA  and  CPT-1 1  (“Genetic  Saltz”  Therapy-Group  1)  on  the 
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growth  of  HTB-38  cells  is  greater  than  that  of  the  conventional  Saltz  combination 
chemotherapy  (Group  6)  and  of  other  treatment  groups  (p<.05). 


Panel  B  of  Figure  2.  Survival  of  Mice  Following  Treatment  in  Animal  Model 
#l.The  effect  of  the  intratumoral  injection  of  the  AdLpCDIRESElA  vector  along 
with  10  days  of  intraperitoneal  5-FC  and  one  day  of  intravenous  FA  and  CPT-11 
(“Genetic  Saltz”  Therapy-Group  1)  on  prolongation  of  survival  of  mice  carrying 
subcutaneous  nodules  of  HTB-38  cells  is  greater  than  that  of  the  conventional  Saltz 
combination  chemotherapy-Group  6  (p<.01). 


Panel  C  of  Figure  2.  Tumor  Response  of'Cblon  Cancer  in  Mice  Following 
Treatment  in  Animal  Model  U2.  The  effect  of  in  vitro  infection  of  HTB-38  cells 


with  the  AdLpCDIRESElA  vector  along  with  10  days  of  intraperitoneal  5FC  and 
one  day  of  intravenous  FA  and  CPT-11  (“Genetic  Saltz”  Therapy-Group  1)  on 
tumor  growth  is  greater  than  that  of  the  conventional  Saltz  combination 
chemotherapy-Group  5  (p<.05). 


Panel  D  of  Figure  2.  Survival  of  Mice  Following  Treatment  in  Animal  Model 
#2.  The  effect  of  in  vitro  infection  of  HTB-38  cells  with  the  AdLpCDIRESElA 
vector  along  with  1 0  days  of  intraperitoneal  5-FC  and  one  day  of  intravenous  FA 


and  CPT-11  (“Genetic  Saltz”  Therapy-Group  1)  on  prolongation  of  survival  is 


greater  than  that  oj  the  conventional  Saltz  combination  chemotherapy-Group  5 

(p=  0001).  ; 
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Table  1.  CE  (Mean  ±  standard  error)  and  TS  activity  (Mean  ±  standard  error) 
of  the  tumor  cell  lines  and  the  IC50  values  of  the  5-FU,  CPT-11  and  SN-38  in 
these  cell  lines 


Tumor 

cells 

TS  activity’ 

5-FUIC5o 

(uM) 

CE  activity" 

CPTllIC5o 

(uM) 

SN-38jc5o 

(uM) 

IC50 

CPT11/SN-3 

Ln-CaP 

6813=1=1914 

0.3±0.02 

0.9±0.3 

|gggg| 

B8i8S8?M 

MCF-7 

5441=1=41 1 

0.7±0.1 

0.3±0.01 

14.2±3. 

mmm 

gjgnn 

Ovcar-5 

7954=1=1247 

2.8±0.7 

0.3±0.02 

21.4±4.9 

HTB-38 

L— - — - - — 

4342±469 

1.6±0.3 

1.99±0.1 1 

5.8±1.4 

1.1  xlO5 

fmol/min/mg.protein; 
"mU/mg  protein 


Table  2.  The  IC50  values  of  CPT-11  and  SN-38  in  tumor  cells  following 
exposure  to  the  AdLpCD  or  AdLpCDIRESEl  A  vectors  at  10  MOI. 


Tumor 

cells 

EQlHHi 

Sn 

ISSI 

AdLpCD 

AdLpCD¬ 
IRESEl  A 

AdLpCD 

AdLpCD¬ 
IRESEl  A 

Ln-CaP 

6.8±5.14xl0* 

12 

MCF-7 

iebewt.m 

Ovcar-5 

BSBBIiSi 

MIStMSliM 

BSEEBSM 

HTB-38 

EE3EBEM 

bbsbem 

19 


Table  3.  The  percentage  of  tumor  cells  positive  for  the  CAR,  AlphavBeta3,  and 
AlphavBetas  receptors  as  measured  by  FACS  analysis. 


Cell  lines 

CAR  (%) 

!IM?PE7CliJ7fCTMS8 

Ln-CaP 

82.0±13.8 

64.1±0.8 

39.3±1.6 

MCF-7 

37.5±7.5 

94.7±3.8 

19.1±0.8 

Ovcar-5 

63.6±19.6 

88.2±4.6 

46.8±1.4 

HTB-38 

77.9±17.6 

65.6±5.8 

29.5±2.2 

AvB  5 = AlphavB  eta5 


**AvB3=AlphavBeta3 


Table  4.  Common  toxicities  seen  in  the  treatment  groups  of  Animal  Model  #1 
(Percent  of  the  total  cycles  in  the  first  four  weeks  of  treatment). 


Groups 

Treatment 

Diarrhea 

AdLpCDIRESE  1 A+5FC+F  A+CPT  - 1 1 

2.5 

10.4+1.0 

KcffWffIPB 

AdLpCD+5FC+FA+CPT-l  1 

0 

3.0+0.6 

eebseqi 

AdLpCDIRESE  1A+5FC 

0 

8.5+0.6 

AdLpCDIRESE  1 A+5FC+FA 

0 

4. 1+0.5 

casia 

AdLpCD+5FC+FA 

0 

6.7+0.6 

CPT-1 1+5FU+FA 

KEfiHI 

3.0+0.6 

AdLpCDIRESE  1 A+F  A+CPT- 1 1 

2.5 

4.8+0.7 

Control 

0 

8.6+0.6 

•  *The  mice  in  the  Saltz  regimen  (CPT-1 1+5-FU+FA)  which  is  Group  6  had 
significantly  more  episodes  of  diarrhea  (grade  1  or  more)  than  the  other 
groups  (p=  001) 


•  "Denotes  the  percent  change  of  weight  during  the  first  cycle  of  the 
treatment. 
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